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ABSTRACT
A generalized engineering classification method for characterizing 
Pleistocene glacial materials on the basis of their glaciological 
mode of origin is presented in this thesis. In formulating the 
classification an interdisciplinary approach has been adopted.
The geotechnical aspects have been based largely on data from 
extensive site investigations undertaken at the Brenig dam site 
in North Wales, supplemented where necessary by data obtained 
from the glaciological and geotechnical literature. Particular 
attention has been paid to the macrofabric of the deposits in 
view of the controlling influence that discontinuities exert on 
engineering behaviour.
The glaciological appraisal of the materials has also relied 
heavily on detailed evaluation of the engineering behaviour and 
textural properties of the Brenig deposits. However, in order 
to extend the applicability of the proposed classification to 
other locations, the site-specific data has been correlated with 
results from current glaciological research on modern arctic and 
temperate glaciers. As a prerequisite for such an assessment, a 
reconstruction of the glacial history of the Brenig site has been 
attempted. The similar mineralogy of the various glacial deposits 
and the availability of extensive geotechnical data on the complete 
suite of materials has made the, site ideal for this purpose.
In presenting the results of the studies, the thesis has been 
divided into four sections. By way of background, in Part I the 
methodology and scope of the investigations conducted at Brenig 
are presented. In Part II a comparison is made between the 
characteristics of Recent glacial deposits and the Pleistocene 
materials at Brenig. The stratigraphy and glacial chronology 
of the site are developed in Part III, while in Part IV the 
geotechnical evaluation of the site is presented and set within 
the glaciological framework as a basis for the proposed 
classification.
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INVESTIGATIONS
CHAPTER 1
METHODS OF INVESTIGATION
HISTORY
Investigations for a dam in the Brenig Valley'were initiated at the 
end of the nineteenth century when the Corporation of Birkenhead 
requested Dr. G.F. Deacon (1843-1909) to investigate potential 
water supplies which could replace the inadequate and polluted 
wells which at that time constituted the entire water supply for 
Birkenhead. A gravity supply was proposed, similar in nature to 
that at Vyrnwy (Deacon, 18 9 6). Water was to be piped from the 
mountain catchments -of the Alwen and Brenig Valleys in the 
Denbighshire area of Wales through to Birkenhead.
The site investigations for the Alwen Scheme were conducted in 
the early years of this century and the dam was completed soon 
after the 1914-1918 War. Although the land for the Brenig Scheme 
was acquired soon after 1907, various difficulties delayed the 
first steps towards construction until the site was surveyed and 
preliminary investigations were conducted in 1948. The feasibility 
investigations which were carried out in 1948 and 1949 examined 
the foundation conditions for two separate dams. The main dam 
was to be constructed in a small rocky valley incised on the 
eastern side of the flat-bottomed, wide and generally shallow, 
main Brenig Valley. A subsidiary embankment was envisaged, to 
span the relatively shallow-dipping right main bank of the main 
valley (Boswell, 1949).
The findings of the 1948 investigations at Brenig indicated that a 
similar configuration of a deep, pre-Glacial till-filled valley and 
a steep incised rock cleft existed at Brenig as had been found at 
Alwen in early 1914 during the dam's construction. However, unlike 
the Alwen Scheme where the dam was sited in the steeply incised 
rocky valley (see Figure 1A), the Brenig Dam as presently sited 
was to be, and has now been, constructed across the entire valley 
width including the till-filled sector of the valley (see Figure IB).
This fact necessitated detailed examination of the till deposits 
infilling the old pre-Glacial valley, as these would form the 
foundations for much of the length of the supplementary dam which 
was proposed at that time.
The feasibility work carried out in 1948 and 1949 formed the first 
phase of the investigations into the glacial foundations at Brenig. 
The subsequent investigations which were undertaken under the 
supervision of Binnie and Partners on behalf of the Dee and Clwyd 
River Authority took place in 1969, 1972 and 1973. Sufficient 
data on the foundation conditions were collected in these ,
investigations to allow an engineering design for the construction 
of the dam to be formulated.
The design investigations were completed late in 1972 in sufficient 
time to prepare design drawings for tendering for the dam 
construction. Design was carried out concurrently with the 
construction and monitoring of a large scale trial embankment 
which had been sited on thick till foundations to verify the 
validity of the results from the conventional site investigation 
and laboratory testing carried out in 1969 and the early part of 
1972.
I -
METHODS
The 1948 investigation had been carried out using the then t 
available conventional drilling and boring equipment. A small 
X-ray rig capable of drilling using double or single tube
Alwen dam wall
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FIGURE 1A: ALWEN DAM SITE - CROSS SECTION.
Dam wall located in rock/drift valley Rafter Lapworth,^ 1913]
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FIGURE IB: BRENIG DAM SITE - CROSS SECTION.
Dam wall located across entire drift infill of valley (after 
Boswell, 1949]
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AX diameter core barrels was the basic equipment that was used.
A number of piling type boring rigs were also utilized.
Typically 8 inch diameter holes were sunk using a hand turned 
auger in the cohesive materials, and percussion techniques 
(using the shell) in the gravelly materials.
As two dams were under investigation at the Brenig site in the 
1948 proposal, two different methods of investigation were chosen 
for each. Diamond drilling was employed to investigate only the 
small dam which was to be founded on rock. Percussion and auger 
boring were undertaken along the centreline of the col dam, which 
was to be constructed on drift.
In the valley dam site, rock was found close to the existing 
ground surface, beneath a thin veneer of soil. Further westward, 
on the right flank of the valley, the rock was found to shelve 
away to depths in excess of 20 metres.
Investigations of the col dam indicated that on the left flank, 
which abutted onto the valley location, the drift was over 
40 metres thick below the centreline of the drumlin (see Figures IB 
and 2).• The material overlying the bedrock beneath the drumlin 
area was found to consist of a series of glacial deposits which 
contained seams of sand and gravel. The main constituent of the 
drumlin was found to be glacial till. This was yellow at the 
surface where it had been weathered and blue-grey with depth. It 
was noted to be rather sandy or gravelly and frequently to 
contain boulders and cobbles of sandstone or mudstone.
The rock at depth yielded reasonably good cores of moderately 
strong bluish-grey mudstone. When fresh, the mudstone was found 
to be more or less horizontally bedded, and often quite strongly 
cleaved. Core recovery was close to 100% in the fresh rock, but 
deteriorated rapidly towards the interface with the drift, where 
the rock was extensively weathered and contained seams of clay 
derived partially from glacial grinding of the rock, and partially 
from ingress of clay from the overlying glacial till. Core losses 
were frequent throughout the interface zone between the drift and 
the rock.
drumlin axis
O Drillhole location 
(1948 investigation)
D1-D6 - original valley dam investigation holes 
D7-D13 - ’col* dam site investigation holes
Approx.scale 
1:2500
FIGURE 2 LAYOUT OF DRILLHOLES DURING 1948 INVESTIGATION 
(After Boswell, 1949).
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Along the line of the proposed subsidiary dam seven boreholes had 
been put down. In this area of the Brenig Valley no outcrops of 
rock existed at the surface. Based on the borehole data the 
materials forming the foundations of the col dam were found to 
comprise peat, gravelly till, gravels and extensive thicknesses 
of clayey till overlying the bedrock.
Some 100mm undisturbed samples were taken from four of the boreholes 
at depths of between 6 and 12 metres. Apart from these samples, 
only bulk samples of the clay and gravel were obtained within the 
tills. In several locations core was taken of the bedrock when 
it was reached. However, in one case at least, the hole was 
reported to have proved bedrock by obtaining fragments of broken 
blue-grey mudstone.
The evidence collected from these investigations of the col dam 
nevertheless indicated that the valley consisted of twin deep 
channels separated by a minor rock bar located almost immediately 
below the crest of the drumlin (see Figure IB). The deposits 
infilling the deep pre-glacial valley were found to consist of 
glacial till in the main, with subordinate seams of sand and 
gravel up to 3 metres in thickness occuring at various depths.
The sands and gravels were found to contain some water. Test 
pumping from one of these gravel seams was carried out and 
indicated that although the flow was persistent it was not large.
The continuity and disposition of the gravel seams, however, was 
not determined.
Some careful laboratory testing was carried out on the undisturbed 
samples taken from the four sampled boreholes (Le Grand, Sutcliffe 
and Gell, 1949). Standard index and grading analyses were also 
performed on some of the bulk samples. Shear-box tests were 
carried out on recompacted material comprising the fine grained 
matrix of the glacial till, as it was found impossible to cut 
samples directly from the undisturbed samples because of the 
coarse gravel fragments which were present in the till. The 
shear strengths were determined by quick undrained tests at 
varying normal loads. A friction angle (0^) of between 26 and 38°
was determined from the tests. One sample, however, when tested, 
indicated a friction angle of only 13°.
The till that was tested was described from the laboratory samples 
as a well-graded, inorganic mixture of gravel, sand, silt and clay.
It was found to be slightly plastic, with the water content of the 
fine grained matrix being just in excess of the plastic limit.
The second phase of site investigation was started at the end of 
October, 1969 and continued through into the Spring of 1970 
(Binnie and Partners Report, 1970), At the dam site, the main 
objectives of the investigation were:
(a) to find the bedrock level and its nature
(b) to determine the geology of the drift deposits at the 
dam site and locate any weak clay or highly permeable 
sands and gravels
(c) to take undisturbed samples of till and any weaker 
layers in order to measure strength parameters in the 
laboratory, and
(d) to measure the permeability of any sand or gravel 
layers within the foundations.
Core drilling with NX equipment was used to prove bedrock and 
supplement the information gained from the 1948 investigation.
Rotary water flush techniques were employed in order that staged 
permeability testing could be carried out in the holes. The NX 
drilling was concentrated on the abutment areas where the 1948 
investigation had shown that rock was close to ground surface. The 
dam, as envisaged at the start of this phase of investigation, had 
become one structure across the entire valley width, rather than 
the two separate dams foreseen at the time of the 1948 investigation. 
This fact meant that the alignment of the new dam differed from that 
of the 1948 investigation, with the resultant effect that the new 
holes, positioned on the new centreline, did not entirely supplement 
the earlier work, while in other cases the new holes almost 
duplicated earlier hole positions.
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Whilst NX core drilling was used in the rock areas, the drift 
deposits were investigated using 130 and 150 mm diameter rotary 
mudflush techniques. Some shell and auger boreholes and some 
rotary waterflush holes were put down to permit water testing 
within the drift deposits.
Investigations were continued at the dam site and in various other 
areas of the Reservoir Basin into 1972 (Binnie and Partners Report, 
1972). The detailed investigations of the basin were undertaken, 
away from the dam site, to establish:
(a) if there was sufficient construction material to build 
the dam, and
(b) whether the Reservoir Basin, especially the interfluves 
and saddles with other valleys, was sufficiently - 
impermeable to allow reservoir impounding to the full 
height of the proposed top water level.
The layout of both the 1969/70 and 1972 investigations had 
concentrated on the centrelines of the envisaged engineering 
structures and had been carried out in accordance with well 
accepted procedures (Brit. Standards CP 2001, 1957). However, no 
consideration had been given to undertaking a terrain evaluation 
or glaciological assessment of the valley prior to the siting of 
the boreholes.
When construction started in mid-1973, excavations of the foundations 
revealed in many cases that the heterogeneity of the deposits was 
more complex than had been assumed at the time of the 1970-72 
investigations. Several areas of interdigitated sands and gravels 
were found within the drift deposits. A detailed terrain evaluation 
and aerial photo-interpretation were then undertaken by the author 
in order to locate areas in which permeable materials might exist 
within the dam's foundations. A programme of drilling and 
trenching was initiated on the basis of the information provided 
by the aerial photo-interpretation. The aim of this construction 
phase of investigation was to establish more thoroughly the 
stratigraphy and nature of the materials comprising the foundations 
of the dam.
The drilling carried out during the construction phase was of a 
higher standard than had been previously achieved. The holes were 
laid out by the author from a geological viewpoint, rather than on 
the centrelines of the engineering structures. In total 50 holes,, 
some up to 40 metres deep, were put down concurrently with the 
construction of the dam. Several holes which were cored as part 
of this investigation program were selected from the holes that 
were already within the dam contract for instrumentation purposes. 
Coring of these instrumentation holes permitted the acquisition 
of additional subsurface information within the framework of the 
exploratory drillholes without unnecessary hindrance to the dam 
contractors rockfilling and foundation preparation operations.
The last phase of investigation drilling carried out at Brenig 
was conducted in 1976 (Colback, 1977), to assess the continuity 
and planarity of soft horizons which had been found by the author 
during the 1973-1974 phase of construction exploratory drilling.
For this last phase of investigation specialised techniques were 
again used, and in addition, two separate holes were put down 
alongside each other at every chosen borehole location. The 
pair of holes were put down sequentially, the second hole being 
drilled such that the depths of the core runs overlapped with 
those of the first hole. This procedure was adopted to ensure 
that 100% recovery was achieved throughout the entire foundation 
depth.
In addition to the 1974 investigation drilling programme carried 
out concurrently with construction, a programme of trenching and 
pitting was undertaken by the author at the upstream and downstream 
toes of the dam to extend the information gained from foundation 
mapping and exploratory drilling. These exploratory trenches were 
mapped by the author in the same detail as had been adopted for 
the core trench and filter blanket foundation area of the dam. The 
remaining areas of the foundations of the dam i.e. under the 
rockfill shoulders, were mapped in the general course of foundation 
preparation and were thus not subjected to such detailed survey 
mapping. . -
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CHAPTER 2
TERRAIN EVALUATION
The complexity of the glacial deposits present in the right 
abutment of the dam w&s* revealed by the initial excavation 
preparation for the dam foundations.
A programme of detailed surface mapping of the dam site and 
reservoir area was, therefore, undertaken by the author to 
unravel these complexities. This mapping was undertaken in 
addition to his existing responsibilities of routine foundation 
mapping. The reservoir area and dam site were mapped first. A 
scale of 1:2500 was chosen in order to delineate all the glacial 
landform features that occured in the Brenig Valley. Areas of 
soliflucted till, peat and recent river alluvium were delineated 
in an attempt to classify the landscape around the dam site area.
Concurrently with this mapping exercise, a detailed photo-inter­
pretation of the site investigation black and white vertical 
aerial photographs was undertaken.
The well drained, higher ground was found to comprise the drumlins 
together with the colluvial slopes of the valley sides. The 
soliflucted slopes and those which consisted of flow till or 
glacilacustrine deposits were noted to be poorly drained and had 
in places been covered with thick deposits of modern, post-glacial 
peat.
Identification of the landform features from the photo-inter­
pretation and surface mapping was aimed at assessing their 
glaciological origin and, by inference, the likely engineering 
characteristics of the contained materials.
Typically in the past, evaluation of this type has not formed part 
of a routine engineering site investigation. Much use however has 
been made of straightforward mapping and aerial photo-interpretation 
techniques to classify landscapes for highway routing or borrow 
search purposes. With the recent detailed examinations that have 
been undertaken of landform features and glacial deposits present 
in the proximity of modern glaciers (for example, Boulton, 1972), 
it has been found that engineering characterization of such deposits 
may be aided by landform evaluation methods normally only carried 
out by geomorphologists (Dury, 1969, Fookes et al. 1975).
At Brenig, the glacial landforms were therefore characterized by 
the author both by field mapping and photo-interpretation 
techniques. The dam site and reservoir area were noted to 
comprise features associated with an area of gently undulating 
drumlinized relief typical of the moraine and outwash features 
that occur adjacent to the snout of many modern glaciers.
In undertaking the field characterization of the deposits, the 
aerial photographs were initially used to delineate general 
boundaries for the major material groups.. The broad scale details 
of a typical section of this photo-interpretation of the dam site 
are shown on Figure 3.
Following completion of the photo-interpretation, probing of the 
superficial peat and small scale sampling of the materials in the 
drier areas were carried out by the author. The whole of the dam 
foundation area and each of the borrow areas was examined in order 
to classify more precisely the materials, both for construction 
payment purposes and for the purpose of glacial landtype 
identification. Probe holes were sunk through the peat by means 
of a length of mild steel reinforcing rod. Small pits were hand, 
dug or augered into the areas of topsoil or weathered glacial till.
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FIGURE 3 AERIAL PHOTOINTERPRETATION OF DAM SITE AREA.
EXAMPLE SECTION SHOWING 1948 CENTRELINE
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The depths of the soft superficial deposits over much of the area 
of interest were thus determined prior to foundation stripping. 
Depths were recorded on a regular 30 metre sided square grid which 
extended over the entire area where construction or borrowing was 
to take place. All of the boundaries delineated on the photographs 
demarcating the areas of superficial peat, topsoil and weathered till 
were field checked during the probing and pitting at the 30 metre 
grid points. In this way, an accurate map of the deposits 
existing at the surface across the dam site was obtained.
Indications of areas of gravel and gravelly till were found from 
several pits and auger holes in the central (saddle) area of the 
right abutment. Much of this particular area had been drained 
by the local farmer in order to try and use the land for grazing. 
During rainy spells, however, the whole saddle area became water­
logged, despite the drainage ditches which had been dug by the 
farmer. This fact suggested that, although gravelly material had 
been found during the probing, the gravels were underlain by less 
permeable material.
The 1948 site investigation had indicated that permeable gravels 
did exist in part of the saddle area (Boswell, 1949). The results 
of the probing, when viewed within the framework delineated by the 
photo-interpreted boundaries, allowed an assessment of the extent 
of these near-surface gravelly deposits as well as providing a 
number of indicators of the location and interconnection of 
similar gravelly areas.
In undertaking the photo-interpretation, use of the black and white 
site stereo aerial photographs was aided by the availability of 
oblique colour photographs which had been taken during the early 
stages of excavation during the period when topsoil and superficial 
deposits were being exposed.
The results of the terrain evaluation carried out by the author of 
the original ground conditions prior to excavation are summarized 
in the form of a block diagram (see Figure 4). The Afon Brenig 
can be seen to meander around the northern side of the drumlin and
21.
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thence to flow southwards along its eastern margin through the 
steep sided 'V' shaped valley formed between the drumlin and the 
rocky hillside which forms the foundation of the left abutment 
of the dam.
The block diagram has been drawn along the zone within the valley 
covered by the foundations of the dam. The centre of the block 
corresponds to the centreline axis of the dam, while the leading 
and trailing edges of the block represent points some 150 metres 
upstream and downstream respectively of the toes of the dam.
The distribution of superficial deposits across the foundation 
area comprises large areas of exposed yellowish-brown till 
separated by peat infilled hollows. On the upstream margin of 
the dam site several slip surfaces were outlined within the till 
ridges shown on Figure 4. Such areas were generally found to be 
infilled by peat. However, in a number of cases such areas 
exhibited the surface expression associated with mudflows or 
debris slides. Superficial investigations of these deposits 
indicated substantial thicknesses of peat (in excess of 4 metres 
in places).
In addition to the possible presence of mudflows, which could 
indicate that flow tills or solifluxion deposits were present 
beneath the peat, various water sources were identified from the 
photographs. One signifcant area of seepage was identified on 
the northwest side of the main drumlin, as shown on Figure 4.
Other areas of seepage were noted on the extreme west of the 
site adjacent to the small drumlin and from several locations 
on the eastern side of the main drumlin alongside the Afon Brenig.
Some degree of alignment and lineation of the till hummocks between 
the peaty areas was also noted from the aerial photo-interpretation 
These ridges can be identified on the block diagram on Figure 4.
They tend to run east-west across the valley at the northern end of 
the dam site, while at the southern, downstream toe of the dam the 
ridges tend to be aligned more or less parallel to the drumlin axis.
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Examination of the nature of the infills in the valley areas and 
particularly examination of the relationship of the peat covered 
areas to the recent alluvial deposits of the Afon Brenig and to 
the ridges of glacial till, suggests that the peat pre-dated the 
alluvium and post-dated the till. The peaty areas in general are 
deemed to have infilled the hollows in the hummocky moraine strewn 
landscape left after the glacial ice had melted,in much the same 
way as development of much of the modern day tundra peatlands.
In addition to the detailed dam site terrain evaluation summarized 
on Figures 3 and 4, several facets of the local glacial topography 
of the Denbigh Moors area were also examined by the author as an 
aid to assessing the orientation pattern of features at the dam 
site. Data from aerial photographs and topographical maps was 
utilized to examine a large area of the Moors. Analyses of the 
topographic form of over thirty drumlinized landforms within a 
radius of approximately 8 miles of the dam site were undertaken, 
indicating that within the Moors around Brenig the predominant 
drumlin alignment is north-east to south-west. The drumlin axes 
determined from this study for the immediate vicinity of the dam 
site are shown on Figure 5, which also shows a rosette of the long 
axes of the drumlins measured from the 200 square miles studied.
The rosette indicates that the general NE-SW trend of the glacial 
features is evident both in the Brenig and the Alwen areas. 
However, the drumlinized features which occur on the hillsides 
and hilltops tend to be all aligned along a N50°E axis, whilst 
those in the valleys tend to have been re-oriented from their 
general regional pattern to an orientation more nearly paralleling 
the axis of the containing valleys.
The topographical form of the drumlins in the Brenig area has also 
been examined by the author to give an indication of the possible 
trends of ice movement and the directions of the major principal 
ice stresses acting at the time of deposition of the materials 
comprising the foundations of the dam.
Much work in the geomorphological and glaciological literature has
24.
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AN 8 MILE RADIUS OF THE SITE.
PRegloe^ c y  RoSETTE.
been directed towards defining the glacial stress field responsible 
for the creation of drumlins and other glacial landform features 
(e.g. Gravenor 1953, Reed et al 1962, see Chapter 7). The 
topographical form of drumlins has also been studied extensively 
in order to understand the mode of formation of the landform 
(SmalLey and Unwin, 1968). However, one topographical factor which 
has frequently been found to typify drumlin fields is that the width 
to length ratio of individual drumlins is of the order of 0.37. It 
has been found that with larger drumlins this ratio decreases fairly 
uniformly until a constant drumlin width is reached, after which 
point the drumlins have been found to increase in length without 
any significant increase in width (Heidenreich, 1964).
Analysis of the thirty drumlins occuring within a radius of 8 miles 
of the Brenig dam has indicated that the topographic form of the 
drumlins fits the normal pattern. However, it has been discerned 
that there is a gradual increase in width of all drumlins, even 
including those over 2 kms. in length. Simple curve fitting to the 
Brenig data indicates that up to a length of approximately 800 metres, 
the 0.37 width:length ratio corresponds reasonably accurately to 
the data, whereas for the longer drumlins the trend diverges 
markedly from this ratio. It becomes asymptotic to a linear 
increase in length with no change in width once a length of about 
3 kms. is exceeded, as shown on Figure 6 .
The alignment of the axis of any drumlin has been shown by recent 
work (Boulton 1972, McGown et al 1974, McGown and Derbyshire 1977) 
to be closely associated with the direction of the movement of the 
glacier forming the drumlin even to the extent of ordering the 
arrangement of the microfabric of the material comprising the 
drumlin. It has been shown that the detailed structure of the 
microfabric of the material forming the drumlin and the pattern 
of fissures and joints intersecting the material (the macrofabric 
geometry) are good indicators of the stress field pertaining at 
the time of deposition (Evenson 1971) and, therefore, also of the 
geotechnical behaviour of the material so formed. Accordingly, 
for assessing the geotechnical conditions of the materials present 
within the drumlins in the Brenig environment, it is worthwhile
25.
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examining in detail the terrain of the local area.
As it has been found (McGown et al 1974) that the maximum strength 
direction in fissured till sampled from a drumlin is oriented 
normal to the direction of the major fissure planes, and as the 
fissure planes and the till fabric orientations are themselves 
related to the directions of ice flow and hence to the principal 
stress directions imposed by the glacier at the time of deposition 
of the drumlin (Evenson 1971, Harrison 1957, MickeIson* 1973), it is 
of considerable merit to unravel the pre-glacial history of any 
drumlin site in the vicinity of an engineering structure.
The fabric present within the drumlinized till bodies that have 
been examined and reported in the literature (McGown et al 1974, 
Andrews 1971, Pessl 1971) indicate a strong interrelationship of 
the fissure and pebble orientations with the drumlin axis. In 
most cases where only one ice movement has shaped the drumlin, 
pebble orientations are within 10 degrees of the axis orientation 
and the pebbles dip towards the direction from which, based on 
other evidence, the ice is assumed to have come. Major fissures 
within such drumlins also exhibit strongly controlled orientation, 
as shown on Figure 7 and discussed in detail in Chapter 7.
For an idealized drumlin, based on detailed fissure fabric 
measurements, at least three sets of fissures can generally be 
recognized:
- a low angle bedding macrofissility suite, which are more
or less horizontal or dip gently down glacier, that is, in the
direction of travel of the ice (such fissures essentially 
parallel the slope of the lee side of a till drumlin);
- a pair of conjugate steep angle shear fissures that dip
o o o oat 70 to 80 and are aligned at 10 to 40 either side of the
axis of the drumlin. Such shear or wrench fissures are analagous
to strike-slip joints in rock (De Sitter pl03, Ramsay p293) which
develop in planes parallel to the median stress direction and
make an acute angle bisected by the major principal stress
direction;
and - a series of orthogonal tension fissures, which parallel
48,
SIMPLIFIED BLOCK 
DIAGRAM OF MAJOR 
FISSURE & CLAST 
ORIENTATION GEOMETRY
j<rv*£>
IDEALIZED FISSURE 
PATTERN IN TILL
IDEALIZED FABRIC 
OF TILL (A-AXES OF 
TABULAR AND BLADE 
SHAPED CLASTS).
FIGURE 7 FABRIC DIAGRAMS FOR DRUMLINIZED TILL.
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other major stress directions that have shaped the drumlin. Some 
of these fissures parallel the drumlin axis, others trend normal 
to the axis of the drumlin and dip at angles of 20° either side 
of the vertical. Such fissures are analagous to normal tension 
joints in rock (Fecker 1978). Preferentially such fissures dip 
down glacier.
In addition to these primary fissures, other secondary fissures 
occur within drumlinized till masses. Such fissures include:
- a set which sub-parallel the surface form of the drumlin 
in a manner analagous to sheet joints in rock. These discontin­
uities represent stress relief features;
and - a series of near vertical, often haphazardly oriented, 
rough joints which have formed as a result of desiccation of the 
till material subsequent to its deposition.
In Figure 7 a compilation has been attempted to illustrate 
these typical fabric and fissure patterns. The diagrams have 
been compiled mainly from the data presented in the literature 
(see also Chapter 7), but with some modification based on the 
results of fissure fabric studies carried out at Brenig by the 
author (see Chapters 4 and 8 ). For clarity, a block diagram 
has been produced from the lower hemisphere equal area stereonets. 
The block diagram and the stereonets show the interrelationship of 
the fissures and the fabric of an idealized drumlin and the 
orientations of the major principal stresses which are assumed 
to have controlled the formation of the drumlin. Cl)
The stress fields which have given rise to the formation of the 
fissures within such drumlins and have formed the drumlins 
themselves, have long been a subject of controversy. However, 
the significance of the interrelationship of the fissure patterns 
within the tills and the ice direction and associated stress 
field as inferred from drumlin orientation, has seldom in the past 
been utilized as part of an overall terrain evaluation for 
assessing the engineering characteristics and behaviour of the 
materials themselves.
The application of these principles of ice-related fissuring to 
assessing fissure orientations has been of considerable advantage, 
not only in analyzing the existing landslips evident around the 
Brenig site, but also in providing a rationale for planning the 
detailed subsurface investigation of the till bodies at the dam 
site. During the dam construction phase, in conjunction with the 
site mapping, the author attempted to follow this approach in 
laying out the exploratory drilling work. Individual holes were 
laid out on a framework inferred from the geological characteristics 
of the materials that were anticipated to be found within and 
aligned parallel to the glacial landform features identified from 
the photo-interpretation.
The inferred internal structure of the glacial features based on 
the terrain evaluation of the trends of the major landforms was 
combined with the data from the 1948, 1969 and 1971 site 
investigations. This ensured that the patterns of the drillholes 
and test trenches served not only to examine areas considered to 
be of direct engineering significance, but also to ensure that 
hll the various landform features recognized in the photo-interp­
retation were investigated in sufficient detail so that a 
reconstruction would be possible of the three-dimensional glacial 
stratigraphy of the dam foundations.
30.
CHAPTER 3
SUBSURFACE INVESTIGATIONS
As was briefly discussed in the previous chapter, the criteria 
v/hicn had been used for all of the investigations at Brenig prior 
to 1S74 were essentially engineering based. Little detailed 
cognizance had been given to glaciological form and process in 
laying out the subsurface holes, although some study had been 
undertaken of the reservoir area geology. This trend, unfortunately, 
is so often the case in many investigations even today.
The essence of such investigations seems to be to obtain the most 
sophisticated testing results to a degree of accuracy unwarranted 
often by the condition of the sample. Too many samples which are 
subjected to detailed thorough triaxial testing are obtained from 
badly drilled holes, positioned on some arbitrary location with 
respect to the proposed engineering structure, without any 
consideration of the geology.
It is instructive to consider the other side of the coin, however, 
in 'which entire dependence of the investigation could have been 
placed on obtaining the most interesting results on the geological 
materials at the site, but in an area where no engineering structure 
was required.
As with all stages of engineering.for a major structure, a degree 
of rationale is required in site investigations, particularly in 
glaciated areas where soil conditions tend to be complex, (Elson, 
19ol). The types of test which a pedologist considers imperative to 
his understanding of the soils at a particular site are considere3 
irrelevant by most soil mechanics engineers, while the detailed 
morphological descriptions carried out by geonorphologists
often tend also to be scorned in the normal course of the • 
investigation. Both the methods of the pedologist and those of 
the geomorphologist can aid considerably in unravelling the complex 
glaciology of a site,which in itself may provide the key to the 
understanding of the engineering behaviour of the structure’s 
foundations.
In an appraisal of the types of studies carried out by various 
disciplines to evaluate the properties of glacial deposits, 
it is significant that the observational approach favoured by 
most of the natural scientists studying till is not used 
extensively by the practicing engineer (Dreimanis 1971). However, 
many of the problems encountered with unforeseen foundation 
conditions could often have been alleviated by detailed knowledge 
of the site specific glaciology of the foundation deposits 
(e.g. Milligan 1975, Sauer 1974, 1978, White 1972, Cocksedge and 
Hight, 1975),
At Brenig, the 1974 construction phase investigation boreholes 
laid out by the author were predicated on the results of the 
topographical studies which had been carried out at the dam site, 
as well as on the results of the preliminary studies of ice 
direction indicators (such as drumlin axes). The positions of 
the holes were set out to avoid duplicating information collected 
in the 1948 and 1970/72 investigations.
The initial exploratory holes were sited by the author on the 
crest and to the west of the drumlin in the area of the upstream 
toe of the dam. The holes were drilled concurrently with the 
foundation excavation of the saddle area abutting the western side 
of the drumlin. The location of each hole was referenced to the 
30 metre square grid used for the superficial mapping and for the 
layout of the dam's foundations.
The drilling programme for subsurface investigation at the dam 
site was supplemented by conventional shell and auger boring 
techniques to carry out standard 'U100' sampling of the clay-rich 
glacial deposits. The location of all drillholes and boreholes
put down through the foundation prior to the end of the 
construction phase investigation are shown on Figure 8 .
Initially the results of the boring were found to be at variance 
with the drillhole information. Essentially this resulted from the 
incomplete sample record obtained by the shell and auger methods. 
However, when the logs were correlated with the nearby drillhole 
records as a framework, then the borings gave access to a more 
detailed evaluation of the less gravelly drift deposits than had 
been possible from the cored holes alone. No method though was 
found adequate for recovering the beds of washed granular materials 
that were present in some areas of the foundations.
For both the cored holes and the shell and auger boreholes, core 
logging and sampling were carried out concurrently with advance of 
the hole. All core was wrapped and sealed in polythene to prevent 
drying out or damage, while:..-soil samples were either bagged or 
sealed in sample tubes. Core logs were compiled by the author as 
drilling progressed to allow ready comparison with the logs of 
existing holes and with the results of foundation mapping in the 
immediate vicinity. An example of a typical drillhole log is given 
on Figure 9, Detailed cross sections were then compiled for each 
hole within it’s surrounding, area. Such sections provided a composite 
picture of the subsurface glacial deposits from which the author 
undertook the programming of additional holes necessary to further 
elucidate the structure of the more complex areas.
The initial pre-construction phase holes were, where necessary, 
reassessed by the author in the light of the logging of the core 
from adjacent new holes. The data for each sector of the dam was 
thus extended within the framework provided from the surface mapping 
and photo-interpretation. With continued drilling a refinement of 
the detailed statigraphy and juxtaposition of the various deposits 
was found possible.
Figure 10 indicates the data from a series of holes spaced radially 
outwards from an initial exploratory hole. The complex three 
dimensional structure of the deposits is clearly illustrated. The

BOREHOLE EH 10
& > «  Strength Sj'm0olic 
Recovery L0G
0 100*0 500 LUU
CORE DESCRIPTION
Kto/m1
t
O  -X*
R0CKFILL
YELLOW TILL
Firm to s t iff yellowish brown silty clay 
w ith coObles and gravel.mainly m u d s t o n e
SANDY GRAVEL______________
. . .  Imbricate gravel in clay
GRAVEL matrix, giving way to
aense aravel anO cobbles
GRAVELLY TILL
GREY CLAY TILL
Firm to hard greenish grey silty g r a v e l l y  clay
SANDY SILT
Stiff to very dense laminated y e l l o w  brow* sandy silt 
giving way with depth to firm to s tiff aravelly clays
 WATERLAIN PARATILL '_________
GREY TILL
Firm to stiff greenish grey gravelly silt} clay
RHYTHMITE DEPOSITS
Soft to stiff greenish grey laminated clayey silt
ORANGE DEFORMATION TILL
MUDSTONE BEDROCK
FIGURE 9 EXAMPLE OF A TYPICAL DETAILED CORE LOG SHOWING THE 
DRILLING RECOVERY IN THE BRENIG FOUNDATION MATERIALS
ts-f/i/r
A - ORANGE DEFORMATION TILL 
B - BASAL RHYTHMITE SEQUENCE 
C - WATERLAIN PARATILLS AND 
INTERDIGITATED LACUSTRINE 
& OUTWASH DEPOSITS
D - GRAVELS & GRAVELLY TILLS 
E - MATRIX DOMINATED GREY CLAY 
TILLS
F - NEAR SURFACE GLACILACUSTRINE 
& FLUVIOGLACIAL DEPOSITS 
G - WEATHERED SURFICIAL ZONE
FIGURE 10 RADIATING SECTIONS FROM BOREHOLES EH 10 & EH 14 TO 
SURROUNDING HOLES ILLUSTRATING GLACIAL DRIFT MACRO­
STRUCTURE AND BROAD SCALE VARIABILITY.
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waviness of the individual horizons of till or gravel evident from 
the cross sections indicates the depositional topography of 
individual beds within the glacial deposits. Many of the ridges 
and hollows noted in the surfaces of individual horizons were found 
to be aligned parallel to the inferred ice directions. However, 
invariably the crest of a subsurface ridge was neither located 
precisely below a ridge within the overlying deposits nor directly 
below a surface ridge. It was established from plotting subsurface 
contours to several different deposits at various depths, that a 
progressive westward movement occured in the position of the crest 
line of each overlying deposit.
Despite the careful drilling investigation, the detailed structure 
of the tills at Brenig only really became known from the exposures 
provided by the open cut excavations. The exposures of till were 
noted to contain horizons and lenses of well sorted gravels, sands, 
silts and clays of variable extent and distribution. Precise 
location by drilling or boring methods of such sorted deposits 
within a till suite was found to be extremely difficult, especially 
as the depth of cover exceeded that which could be conveniently 
reached by pitting or trenching. •
Many of the problems inherent in good quality sample recovery 
(Beswick and Craig 1977) were found to be exacerbated by drilling 
through the deeper deposits of till. Geological interpretation 
of the results of such incomplete sample records was found to be 
fraught with uncertainties. This in turn tended to undermine the 
confidence originally placed on the previous site investigation 
design concepts of a more or less homogeneous foundation material. 
The consequences of the inadequacies of the sample recovery to the 
overall design of the dam thus highlighted on establishing whether 
the sample losses resulted from lack of recovery of material of 
sufficient weakness to be of significance to the dam's engineering.
In order to evaluate and update the subsurface data on the extent 
and configuration of the various deposits beneath the dam, a grid 
of cross sections was drawn up by the author during the course of 
the 1974 construction investigation. Figures 11, 12 and 13 show
cross sections across the dam, normal to the valley axis and 
Figures 14 to 17 show longitudinal sections parallel to the dam 
centreline across the width of the valley.
In conjunction with the sample recovery records compiled in 
histogram form for the various cored holes (examples of which are 
given on Figure 9 in this chapter and on Figure 100 in Chapter 11), 
the sections have been used to rate the adequacy of the information 
available at various locations beneath the dam and to program 
additional drilling to fill in blanks in the data base.
The glacial stratigraphy shown on the sections is discussed in 
detail in Chapters 9 and 10. Here the combined results for the 
entire programme of subsurface drilling carried out at Brenig up 
to the completion of foundation preparation are presented.
In addition to the sections,, the data was also plotted in plan form 
to aid in evaluating trends in the glacial morphology of the 
subsurface conditions. The plans shown on Figures 18, 19 and 20 
were compiled from the information shown on Figures 11 to 17 as 
well as from data provided from the core trench grouting holes 
and from the instrumentation boreholes. The topography of the 
bedrock surface underlying the glacial drift is shown on Figure 18, 
Isopachytes (thickness contours) of the drift deposits are shown 
on Figure 19, while Figure 20 indicates the depth of superficial 
weathering of the drift deposits. This depth has been inferred 
from (a) the characteristic yellowish brown discolouration evident 
in the upper part of the tills, (b) the light bluish grey/white 
gleying of other deposits, and (c) the red-brown iron staining of 
the sorted sands and gravels exposed near the ground surface.
The usefulness of these three plans in assessing the overall 
trends of the glacial structure can be readily illustrated by 
reference to Figure 18, on which is clearly shown the position 
of the pre-glacial valley to the v/est of the axis of the present 
drumlin crest. Figure 12, which shows a section through the 
saddle area of the dam, indicates the marked southerly gradient
to the floor of this pre-glacial valley. However, it is noteworthy 
that there is also a significant step in the rock profile across 
the entire width of the valley to the south of the dam site. This 
is felt to be a strong indicator for the mode of deposition for the 
thick till sequences at the dam site,, as the location of the step 
may have impeded the general passage of the northward streaming ice 
present in the Brenig and Alwen Valleys, thereby creating a natural 
accumulation point for glacial debris.
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CHAPTER 4
DETAILED GROUND EVALUATION
Although much of the three-dimensional subsurface geology had been 
unravelled from the borehole and drillhole records, it was not until 
detailed foundation mapping had been carried out by the author that 
the true complexity of the interdigitated glacial deposits was 
established.
Mapping of the dam’s foundations was carried out concurrently with 
obtaining final excavation levels of the stripped foundations prior 
to rockfill blinding. In general, the levelling was carried out by 
the author using a self reducing tacheometer (Kern DKRT) to establish 
both the location of the 30 metre square dam control grid point 
prior to levelling and the spot levels at the grid intersections.
The tacheometer was also used to plot exposed geological contacts
with relation to the dam control grid.
The routine procedure of foundation mapping was to first establish
the grid points and levels and then to peg each 30 metre grid inter­
section point. The geology was then mapped in detail as line surveys 
between the grid pegs that paralleled the dam centreline, and then 
as line surveys between the pegs that were positioned orthogonally 
to the dam centreline. Some typical results from the line surveys 
in the centreline area at ch.650 are shown on Figure 21. Similar 
data compiled from line surveys of the overall foundation area were 
used to compile the geological plan of the dam at a scale of 1:2500 
for general record purposes (see Figure 22). In the saddle area 
•where the exposed geology was particularly complex, a detailed 
1:10 0 0 scale plan was produced, primarily to relate the foundation
51.
FIGURE 21 DAM GRID LAYOUT AND TYPICAL GEOLOGICAL LINE
SURVEYS ILLUSTRATING FOUNDATION MAPPING METHOD.
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geology to that exposed in the excavation trenches. A segment of 
this plan is shown on Figure 23.
In addition, the author carried out detailed mapping at a scale of
1:200 in the area of the core trench and blanket drain. An example 
of a section of one of these foundation drawings is shown on 
Figure 24, together with a schematic cross section of the dam 
illustrating the foundation zones mapped in similar detail. In the 
core trench and blanket drain, all drift areas were mapped prior to 
clay or filter placing respectively. All critical areas of the core 
and blanket foundations were mapped and evaluated by the author to 
ensure that the excavation slopes as they were set out did not 
contain any permeable or weak materials which might (a) cause 
temporary construction instability or (b) affect either the clay or 
filter placing operations or (c) affect the long term foundation 
conditions of the dam, -
During the initial foundation stripping operations to remove the 
superficial peat and soft drift in order to establish suitable
foundations for rockfilling, an area of soft to firm bluish grey
varved silty clay was encountered at dam co-ordicates ch.830-30?
At about the same time the author also identified patches of yellowish 
grey, laminated, and in places sheared, silty clays in the area being 
excavated along the upstream shoulder of the dam from ch.740+30 to 
ch.800+120. These laminated clays were found to be capped by peat 
and underlain by sand or gravelly till.
In order to establish the continuity of such features, a programme 
of exploratory trenching was instituted to run concurrently with dam 
foundation stripping operations. The trenches were excavated by 
backhoe or bulldozer. In total some 20 trenches, constituting some 
1000 metres length, were dug. Each trench was logged in detail by 
the author as soon as possible after excavation, and always prior to 
sampling, photographs were taken. Some of the trenches were 
excavated below the groundwater table, thus necessitating extensive 
dewatering,
* Dam chainage 830 metres from west origin of dam along the centreline] 
-30 indicates grid position 30 metres downstream of dam centreline;
+ would indicate upstream co-ordinate.
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As many of the trenches were over 6 metres deep, rather than shoring 
the sides, the trenches were stepped out in 1 metre high steps, both 
for safety reasons and to enable ready sampling. Bulk samples, block 
samples and small undisturbed samples were taken from most of the 
trenches for classification and laboratory testing. On completion of 
sampling operations, all the trenches were backfilled with rockfill.
During the detailed mapping of the sides of the exploratory tenches, 
and also during mapping of the core trench and blanket drain side 
slopes, glaciological fabric analyses were carried out at locations 
selected by the author. These analyses were conducted to aid in 
compiling the history of the dam's foundation materials and to help 
in assessing the depositional environment and hence similarity of the 
materials encountered at different locations within the dam's 
foundations.
Fabric analyses were carried out by the author in the manner undertaken 
by Holmes, 1941, Andrews, 1971 and many others. The tills exposed in 
the core trench at several areas along the dam axis were analyzed. 
Fabric studies were also undertaken at two locations in the clay 
borrow area as well as from certain positions within the exploratory 
trenches where both rhythmically bedded silts and sands were exposed 
and also where gravelly tills and gravels had been encountered.
In order to obtain a representative section in the till, a 500x500 mm 
surface of the side of the sample site was hand cleaned using a 
geology pick and/or a wide blade knife aided by a wire brush and 
where feasible by a water-jet from a hosepipe. Relatively clean 
faces suitable for fabric analyses could often be found after 
cessation of a few days of heavy rain when exposed till surfaces 
forming the side slopes of trenches had been washed clean, the clay 
having been partially eroded leaving the till clasts protruding.
Once a surface had been selected and the pebble sized clasts lodged 
within the till matrix had been made to stand proud from their 
retaining matrix, fabric measurements were then undertaken. The 
dip and dip direction of the pebble sized clasts were measured with 
a Brunton compass. In order to permit reliable determinations of
dip and dip direction of the pebbles, only tabular, blade-shaped and 
markedly elliptical pebbles were measured. The face of the trench 
was mapped first, A minimum of 20 observations was generally made.
A cut, approximately 300mm deep, was then made into the trench 
sidewall at as close as possible to right angles to the plane of the 
initial measurement surface. One side of the cut was left intact and 
the other side was hacked away with a spade and geological pick as 
shown on Figure 25, in order to expose a clean face for a further 
20 pebble orientation measurements. In this way a representative 
set of approximately 40 observations could be collected in about an 
hour.
As an aid to accurate observations of dip and dip direction of the 
pebbles, a small piece of hardboard or the surface of a field-book 
was used to 'mirror' the plane of the particular pebble being measured, 
thereby increasing the accuracy of measurement by providing a larger 
surface for the use of the compass.
Occasionally, rather than using a flat board, it was found more 
convenient to use the technique of Lineback (1971) of poking an 
aluminium knitting needle into the till adjacent to the pebble being 
measured. In this way, azimuths could readily be measured of the dip 
of the long axis of each selected tabular or blade-shaped clast.
Most pebbles measured in this way tended to fall in the range from 
5 to 10mm in length. For pebbles longer than 10mm and up to 25mm 
or even 50mm, either the field-book (plane) approach v/as used or 
the orientation of the pebble was measured directly.
A typical stereonet and data tabulation for one of the till fabrics 
is shown in Figure 2Q. This plot was derived from measurements made 
on grey till exposed during excavation of the core trench in the 
vicinity of ch.470. Other data is presented in Chapter 8 and Appendix A.
Within the laminated clayey stone-free deposits, the initial 
preparatory approach was different. Here, the side of the trench 
was first cut clean with a sharp flat-blade garden spade. Secondly, 
a parallel cut was made about 30 - 50mm into the trench sidewall, 
thus paring away a sliver of material. The base of the sliver was
tFIGURE 25
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trench to expose 300mm 
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METHOD OF FABRIC ANALYSIS DATA COLLECTION IN TILLS & GRAVELS. 
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DIP AND DIP DIRECTIONS FOR BLADE AND ELLIPSE SHAPED STONES
• FACE A FACE B
6/291 20/173 8/312 22/288
22/334 12/303 9/300 28/102
5/286 8/130 5/120 61/272
4/176 14/294 9/128 5/265
2/283 11/135 6/025 4/288
11/175 6/137 11/052 8/279
10/287 6/292 40/065 2/272
1/176 4/128 1/283 11/276
7/284 7/297 10/286 8/150
12/185 7/181 2/172 15/165
16/267 4/259 15/249 2/240
21/264 2/257 9/245 2/234
8/229 7/221 4/218 8/209
14/151 2/159 9/164 8/202
8/202 17/159 1 / 2 1 2 3/143
5/196 3/157 3/143 3/131
3/187 20/157 16/134 21/137
FIGURE 26 STEREONET AND DATA TABULATION FOR TYPICAL BRENIG 
TILL FABRIC (CH. 470 SOUTH, CORE TRENCH).
then allowed to break away naturally along one of the laminations or 
natural fissures present within the material. Several 50mm width 
slivers were similarly peeled away from the trench sidewalls, such 
that in the rhythmically bedded deposits exposed in some of the 
trench excavations, a dozen small ledges were exposed at different 
leveLs, as illustrated on Figure 27. Each of the ledges was cut to 
be of sufficient width to allow a dip and dip direction measurement 
of the surface to be made with a compass. .
The locations of all of the sites used for fabric studies of either 
the tills or the glacilacustrine sediments is given on Table 1.
These fabric studies were carried out by the author concurrently 
with an intensive programme of block sample collection for laboratory 
testing (see Chapters 5 and 6 ). The advantage of this approach was 
simply one of expediency in that all of the block sampling operations 
could be carried out under the author's supervision in parallel with 
data collection for the fabric analyses.
In order to minimise interference with the dam construction operations, 
most of the block samples were- taken from the*exploratory trenches 
rather than from the foundations or core trench area. However, in 
some cases, samples were taken fhom the core trench and blanket drain 
areas of the dam where no similar exposures were evident in the 
exploratory trenches.
Such was the case for exposures of fissured tills, where two 
areas of the core trench were found to exhibit particularly well 
developed fissuring. The zone of fissuring was found to be concentrated 
within a distance of 50 - 60 metres on either side of the crest of the 
main drumlin at ch.950 (see Figure 22), and over a 20 metre length of ■ 
the core trench near the crest of the smaller drumlin at ch.440.
In the vicinity of ch.950 where a significant thickness of yellowish 
brown discoloured till was found overlying the more typical grey till, 
the fissures within the till showed evidence of limonite or haematite/ 
manganese coatings. The form of the fissure surfaces was found to 
vary from sub-planar to rough, and frequently to be hackly in 
appearance. In some areas, voids were noted to. exist along individual
surfaces within 
rhythmically bedded 
silts and clay deposits
FIGURE 27 METHOD OF FABRIC ANALYSIS DATA COLLECTION IN COHESIVE 
DEPOSITS AND LAMINATED MATERIALS.
SKETCH SHOWING PREPARED SURFACES FOR ORIENTATION 
MEASUREMENTS.
Dam Foundation Area 
' Chainage
Borrow Area 
Chainage
440 - 35
470 + 00
530 + 150
TILL AND 735 - 20 650 + 590
GRAVELLY 900 + 10 680 + 610
920 +• 21
TILL 920 + 23
1017 - 15
1040 + 25
685 + 165
SANDS AND 720 + 150
GRAVELS 1010 + 05
RHYTHMICALLY 640 + 175
BEDDED 848 + 165
DEPOSITS 660 + 160
TABLE 1 - LOCATIONS OF SAMPLE SITES USED FOR FABRIC STUDIES
fissure planes.
When first excavated, some fissures were found to be water filled. 
Although no flow was evident from the fissure planes, the surfaces 
and margins of these same fissures remained moist long after the 
surrounding till mass had surficially dried out with prolonged 
exposure to the atmosphere.
Fissures were also observed in some of the cores from the drillholes 
put down into the foundations. Again, the fissuring was particularly 
noticeable from the holes put down in the vicinity of the drumlins.
Fissure orientations in the till were recorded from a similarly 
prepared location to that which was used for pebble fabric studies 
(see Figure 27). The technique of fissure mapping and classification 
was based on a cavity technique similar to that used by Fookes and 
Denness (1969), including subsequent modifications suggested by 
McGown et al (1972). The orientation of the fissures was recorded 
with the same Brunton compass used for the pebble dip measurements. 
Generally, a total of three sets of fissure measurements was made 
by the author from the various selected locations in the core trench. 
In addition, detailed measurements were made in the laboratory by . 
Dr. E. Derbyshire on two block samples recovered from the core trench 
at ch.925 (Derbyshire, 1974).
The techniques of fissure measurement which the author has used at 
Brenig to define the orientation and surface condition of the 
fissures have followed the routine approaches used in rock mechanics 
to characterize the fabric of a rock mass (Anon, The Description of 
Rock Masses for Engineering Purposes, 1977; and Hoek and Bray 1977, 
Chapters 3, 4 and 5). One of the earliest uses of such an approach 
in the engineering evaluation of stiff clays was by Fookes (1955) 
who examined fissures in overconsolidated clays at Mangla in 
Pakistan.
Other methods and techniques that have been utilized are almost as 
varied as the number of workers who have carried out such studies. A 
good compilation of many of'these techniques and their application to
fissure fabric studies as applied to soil materials is presented by 
McGown et al (1980), in which, in addition to considering fissures 
in overconsolidated materials, some discussion is given regarding 
fissures and laminations in bedded sediments.
At Brenig, although the fissure studies were concentrated on the 
tills where noticeable, often iron-stained fissures were evident, 
fissure patterns were also examined in the rhythmically bedded 
silts and clays exposed in the exploratory trench excavations 
along the upstream toe of the dam. The pattern of discontinuities 
present within some of the gravelly areas of the foundations was 
also recorded. The locations chosen by the author for these 
fissure measurements are summarized in Table 2, while in Table 3 the 
results of the fissure studies are summarized for each type of 
discontinuity identified at Brenig. The discontinuity types 
identified by these surveys are discussed in Chapter 8 in relation 
to their influence on the material properties and characteristics 
of the various glacial deposits at the site.
In undertaking the surveys used to compile Table 3, discontinuities 
of less than 50mm in exposed length were ignored. Furthermore, the 
data was grouped from individual sites where an attempt had been 
made to document at least 20 individual discontinuities. Frequently 
this had not been found possible as there had often been cases where 
there were not enough clearly defined discontinuities to permit 
reliable measurements.
Detailed mapping of sections of the core trench and the upstream 
exploratory trenches aided in the selection of fissure and fabric 
study sites, which were frequently located in the immediate vicinity 
of block sampling locations.
The exploratory trenches were principally excavated to investigate 
the glacilacustrine deposits encountered along the upstream toe of 
the dam. Although most of the trench excavations were carried out 
in rhythmically bedded silts and clays, several trenches were cut 
through till hummocks and through ridges of glacial gravels. In 
Figure 28 are shown two selected trench sections which show the
Dam Foundation Area 
Chainage
i
i
440 - 35
TILL AND 550 + CO
GRAVELLY 925 + 15
950 + 20
TILL 1015 - 20
SANDS AND 660 + 160
GRAVELS 740 + 90
RHYTHMICALLY 830 + 160
BEDDED DEPOSITS 738 + 160
TABLE Z - LOCATIONS OF SAMPLE SITES USED FOR FISSURE
ORIENTATION MEASUREMENTS
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extremes of variability found in the deposits. Trench T9 was 
excavated through fluvioglacial gravels, sands and silts interleaved 
with till, while trench T13 was excavated into thick deposits of 
laminated glacilacustrine silts and clays.
The undulations of the surfaces of major contacts between material 
types identified in the trenches were surveyed by the author as a 
means of aiding the overall correlation across the site. Points 
along the contacts were levelled and at spot locations were tied 
into the dam co-ordinate grid system. This accurate positioning 
was found essential for correlating the mapping data from the 
trenches and foundation excavations with the depth information 
from the site investigation boreholes and drillholes. The locations 
of each of the block samples and the locations used for fissure or 
fabric analyses were also tie.d in to the dam survey co-ordinate 
grid to provide the framework within which to undertake the 
detailed glaciological evaluation of the materials at the dam site.
CHAPTER 5
METHODS OF SAMPLING
Obtaining representative samples of the various glacial materials 
at Brenig was found to be fraught with difficulties. These 
problems principally result from the fact that the ability to 
undertake direct undisturbed sampling is limited by depth. 
Furthermore,.as the deposits are variable with depth, although it 
has been essential to sample all materials, most indirect 
methods for sampling at the required depths have been found to 
be prone to mechanical disturbance, often resulting in complete 
sample loss.
Site investigation techniques have been developed to sample 
adequately, in a relatively undisturbed state most of the materials 
composing the deposits found at Brenig (Beswick and Craig, 1977). 
However, apart from direct access by trenching, which is limited 
by depth, there is no known technique at present assured of 
providing continuous information through, or sampling from, a 
layered sequence of materials where the location of near abrupt 
changes from one material to the next cannot be predicted. In 
particular there is an inabilitj' inherent in currently available 
sampling methods for recovering the material at the boundary zone 
between two markedly different deposits or from the margins of 
discontinuities within any one material type-. Examples of such 
margins, in the case of 3renig, are the fissures within the tills 
or the thin varved clay sequences within the waterlain deposits.
Obtaining samples for oriented strength testing of the various forms 
of material discontinuities present within the foundation at Brenig 
was found to be feasible only from trenches,and construction 
excavations. These trenches and excavations permitted oriented 
block samples to be hand cut with care to minimise sample disturbance.
In order to provide information and to obtain samples representative 
of the materials at greater depths than was permitted from the 
trenches, conventional techniques of rotary drilling and of shell 
and auger boring were attempted, using continuous 100mm diameter 
open drive sampling methods through the cohesive deposits in the
boreholes, and using standard PF (120mm 0) core sampling through
all materials in the drillholes.
The boring programme was carried out in conjunction with the
exploratory drilling in order to sample all of the cohesive
materials identified in the drilling investigations which were 
considered to be of significance to the material parameters 
assumed in the design of' the dam.
The equipment used in the drilling of the exploratory holes 
during the construction phase of the contract included lorry and 
tractor mounted, high torque, medium weight drill rigs. Coring 
of the glacial deposits was carried out using PF size double 
tube core barrels. Saw tooth tungsten carbide and diamond 
impregnated bits were generally u.sed with either face or bottom 
discharge waterways depending on the materials being cored.
Penetration rates through the tills were adequate to ensure 
good core recovery with either diamond or tungsten carbide bits. 
However, although penetration rates were impaired with the tungsten 
bits when drilling through the more granular tills, percentage core 
recovery was not significantly affected. Table 4 gives a comparison 
of the penetration rates achieved under controlled conditions using 
mudflush.
In general, all drillholes, of necessity, were cased through the 
glacial materials down to the rock in order to prevent ’caving' of
Material
Typical # 
Penetration Rate 
to achieve maximum 
core recovery**
MATRIX
DOMINATED
TILLS
Yellow/brown clay till 
Grey/greenish grey clay till
1.4 - 1 . 6  m/hr
1.5 - 1 .8  m/hr
CLAST
DOMINATED
TILLS
Grey gravelly till 
Orange-brown deformation till
0.9 - 1 , 1  m/hr 
1.4 - 1.7 m/hr
Sandy till 0 .8  - 1 .0  m/hr
RHYTHMITE
AND
FLUVIOGLACIAL
DEPOSITS
Bedded sands
Laminated silts and clays 
Gravels
0.9 m/hr 
1.2 - 1.4 m/hr 
0 .6  - 0.7 m/hr
* Penetration rates determined using same driller and Boyles BBS 17A 
rig using hydraulic feed, 3m core barrel and face discharge diamond 
impregnated bits, PF diameter
** See Table 5
*** No significant difference was noted between1water and mudflush. 
Air flush penetration rates were similar to water and mudflush 
beneath the water table, while above the water table airflush 
penetration rates were slightly faster
TABLE 4 - PENETRATION RATES FOR DRILLING THROUGH BRENIG
DEPOSITS UTILIZING PF DIAMETER MUDFLUSH TECHNIQUES
the hole in the gravelly materials and 'squeezing in' of the hole 
sides in the more cohesive glacial deposits. •
Coring of the tills was attempted using a variety of flush fluids 
whilst keeping a constant drill bit size. The results of the 
coring, both in quality and in percentage recovery, varied 
enormously.depending on which flush fluid was used.
The variations of the core recovery are summarized on Table 5.
It will be noted that the flush fluid best suited to recover each 
type of material is different. As the drilling was generally 
undertaken under the direct supervision of the author, most core 
losses which had resulted from machine difficulties or from other 
reasons not attributable to ground conditions, had been recorded 
on the drillhole logs and thus were not incorporated in the 
compilation of Table 5.
With the necessity during 1976 to establish the precise location, 
thickness and attitude of the silty clay’ varved horizons inferred 
to occur within the till mass at Brenig, a specialized programme 
of site investigation drilling was undertaken. Following the 
experience gained during the 1972 and 1973 site investigation 
drilling work and particularly from the experience gained during 
the 1974 construction drilling supervised by the author, this 
subsequent investigation programme was formulated to achieve 100% 
recovery using duplicate, and where necessary, triplicate holes 
at any one location. The drill rigs selected for this highly 
specialised investigation work were high torque top-end drive 
Dando rigs. Double tube 145mm 0 (SF) core barrels were chosen 
after trials using triple tube retractor barrels and other sizes 
of double tube barrels had indicated lesser standards of core 
recovery (Colback, 1977).
The drilling was generally conducted using standard 3m length core 
barrels using low pressure water flush. Tungsten carbide bits 
were again generally used as these were found to cope satisfactorily 
with the rock fragments and boulders present within.the till. Again, 
as with the 1974 investigations, recourse to a diamond saw-tooth
FLUSH AIR FLUSH 
^Recovery
MUD FLUSH 
%Recovery
WATER FLUSH 
^Recovery
Depth(m) 0 -10 10 -2 0 20-30 0 -10 10 -2 0 20-30 '0 -10 10 -2 0 20-30
GRAVEL 20 14 23 44 2 1 28 23 36 27
SAND 59 74 80 32 35 73 45 27 31
VARVED
DEPOSITS 52 83 84 55 68 69 84 76 70
POORLY 
SORTED'TILL 80 72 69 83 80 87 80 82 86
GRAVELLY
TILL 28 65 70 48 55 51 45 51 38
TABLE 5 - VARIATION OF PF DIAMETER CORE RECOVERY (% PER
METRE CORE RUN) WITH DEPTH, DIFFERENT MATERIALS
AND FLUSH TYPE.
bit was found necessary in some cases for adequate penetration of.the 
grittier boulder and gravel sequences.
During drilling operations in the 1976 investigations careful control 
was taken of rate of penetration, torque, water pressure and flush 
return. Stringent control was deemed necessary as a result of several 
observations made during the 1974 investigations that drilling carried 
out without direct supervision either by the author or by other 
members of the Consulting Engineers staff, had occasionally resulted 
in significant core losses which could have occured as a result of 
poor control of the drilling operation by the personnel operating the 
rig. *
Close- examination of the core immediately after careful extrusion 
from the barrel was advocated by the author again based on experience 
in the 1974 investigations. Such immediate examination was deemed 
essential in order to make a valued assessment of any losses in total 
core recovery. (The location of core spring marks and other tell-tale 
indications from the geometry of the end of the fresh core and the core 
stub, provide useful means of assessing where losses occur).
It was found in both the 1974 and 1976 work that most core losses 
occur either at the top or bottom of each drill run with a solid 
section of core produced in between. In this context, it was also 
found during, the 1976 drilling that the longer the runs the higher the 
percentage recovery that could be achieved throughout the holes.
From detailed examination of the cores, it was considered that the 
losses and softening/  disturbance which occured at the top of individual 
core runs resulted from contact with the flush fluid and from the 
erosive effects of spinning gravels, both when the barrel was put 
down into the ground to start the next core run, and also to some 
extent as the recovered core neared the top of the inner barrel within 
the double tube core barrel assembly.
Losses and disturbances at the base of individual runs were frequently 
found to occur where evidence of slipping of the core spring was 
apparent from the core. On the basis of the 1976 work, it was
considered that slippage if the core spring in the cohesive deposits 
had frequently tended to give rise to random 'breaking-off' of the core 
stalks. The stalk in some instances would be recovered, somewhat 
disturbed in the next run. However, in other cases, the mere action of 
reinserting the barrel and starting drilling for the next run would 
grind up the core stalk still remaining in the hole from the previous 
run.
The high standard of drilling carried out in the 1976 investigations 
did little to improve on the maximum core recovery achieved in 
individual holes in the 1974 investigations. The maximum core recovery 
for the full-length of a single hole in the 1976 investigations was 
91%, whilst the lowest total recovery was 67% obtained on the first 
hole drilled (Colback, 1977). By contrast, in the 1974* investigations', 
although maximum recovery achieved was also of the order of 90%, a 
significant number of the holes, drilled achieved recoveries onl3f of 
the order of 40%, the lowest total recovery overall in one hole being 
37%.
The careful drilling, the provision of duplicate and, where necessary, 
triplicate holes and the use of the overlapping core runs advocated 
by the-author, however, did enable 100% recovery to be achieved at 
each specific location. The complete soil profile so collected 
confirmed the general stratigraphic results of the 1974 investigation 
and also established with certaintjr the state of some of the 'weak' 
and 'undisturbed' horizons logged from the 1970, 1972 and 1974 
investigation holes. With this 100% recovery, it was possible to 
establish that many of the 'uncertain' clay-rich, often 'soft', 
horizons recorded from within the till mass in the saddle area had 
resulted from drilling effects alone, and that in fact they did not 
represent discrete layers or inclusions of 'weak' materials within 
the tills.
From each of the various phases of investigation since 1949, core 
samples had been selected for testing purposes. In all cases, the 
sampling from the cores had been carried out as soon as practicable 
after drilling. Samples selected from holes drilled in the 1S70,
1 9 7 2 , 1974 and 1976 investigations were cut, then covered with
plastic sheeting or tinfoil and then waxed prior to being transported, 
to a laboratory for testing. ■
Samples from intact cores were readily prepared from most of the 
cohesive materials at the site. Difficulties, however, were experienced 
both in the on-site and laboratory preparation, and in the testing of 
the more granular till samples, as these frequently were found to 
contain large clasts which prevented routine laboratory preparation 
and testing.
Discussion of the effects of such clasts and specifically of the 
influence of clast size on the test results is presented in Chapter 11 
where the influence of fissuring and sample disturbance is also 
discussed.
Despite the problems experienced at Brenig with samp.ling and testing 
of the more granular materials (the gravelly tills in particular), 
the procedure of preparing samples directly from drill core is 
considered to have several distinct advantages, namely:
(a) relatively undisturbed samples may be cheaply obtained 
from deep within the foundations,
(b) representative samples of various glaciologically 
identified deposits may be selected by utilizing the 
stratigraphic correlation of deposits across the site,
and (c) sampling of the typical clay tills containing significant 
(over 40%) concentrations of small clasts may be 
accomplished by rotary coring methods without the undue 
sample disturbance caused by open-drive sampling methods 
normally used with conventional soft ground boring 
methods.
The use of driven-in U100 tubes, however, was found applicable in 
the cohesive stone-free materials where samples were necessary from 
specific shell and auger boreholes put down during the 1974 construction 
investigation. Here the inherent advantages of the U100 tube sample 
being readily obtained and being adequately protected from moisture 
loss, mitigated against the inevitable edge effects and disturbance
77
traditionally associated with such sampling.
Hydraulically driven-in U100 samples were also used by the author for 
the sampling of the cohesive, nearly stone-free, glacilacustrine 
materials exposed in some aread of the foundations. In such cases,
U100 samples were driven—in by pressure applied by the bucket of a 
hydraulically powered mechanical excavator. Some tubes were driven-in 
vertically across the laminations of the glacilacustrine deposits, 
others were driven-in at an angle to the vertical as shown on Figure 29, 
The orientation that was used for sampling in such cases was generally 
approximately that of the typical angle of dislocation occuring during
a  n
shearing in the triaxial test (i.e. 45 + 0/2),
Although much data on the geotechnical properties of the various 
materials at Brenig was obtained from samples obtained from drillholes, 
shell and auger holes and from U100 sample tubes pushed into the 
foundations, the most exacting testing carried out on the varved 
glacilacustrine materials was conducted on block samples obtained from 
the trial trenches and test pits put down by the author during the 1974 
construction phase of investigations.
Block samples were obtained from the test trenches along the upstream 
toe of the dam and from locations within the core trench excavation.
The exploratory trenches were excavated using a track mounted hymac 
backhoe. This machine was also used for preparation of the area to 
be sampled.
Initially a broad bench approximately 2m x 2m was cleared on the side 
of the main trench in the area selected by the author as representative 
for sampling,. The top surface of the bench was selected to be about 
50-75mm above the level chosen for the top of the block sample. Once 
a flat bench had been excavated by the backhoe, material was hand 
dug away from the trench side to form a pedestal of intact material 
which would form the sample (see diagram (a) on Figure 30), The 
pedestal at this stage would typically measure 400 x 400 x 400mm and 
would be situated some 400-500mm back from the sidewall of the main 
trench.(see diagram(b) on Figure 30).
FIGURE 29 INCLINED SAMPLE ORIENTATION FOR TRIAXIAL TESTING 
ALONG RESPECTIVE LAMINAE PLANE.
(a) Preparation of sampling bench location within main trench
(b) Sample after spade cutting and prior to final trimming.
FIGURE 30 BLOCK SAMPLE PREPARATION FOR SAMPLES FROM 
TRENCHES IN COHESIVE MATERIALS.
At this stage, careful levelling of the top of the sample was carried 
out using a sharp garden spade and builder's trowel. The orientation 
of the sample with respect to magnetic north was then scribed onto 
the top of the material. Then, if feasible, the clean spade cuts for 
the parallel vertical sides of the sample were dug out parallel and 
orthogonal to the selected axis for laboratory testing. Normally 
the vertical sides were trimmed to a height of 350mm to form an 
approximately cube-shaped block of intact material 300 x 300mm in 
plan. Standard wooden boxes were made up on site to fit these 
specific dimensions. However, in some cases, blocks were cut to 
larger dimensions and these necessitated larger sized wooden boxes.
The wooden boxes were constructed of marine plywood (7 or 9 ply), 
screwed and glued at the corners and one end. A tight fitting, 
removable lid was also made for each box. The internal dimensions 
of the standard boxes were 300 x 300 x 300mm. .
Once the sample had been trimmed to 300 x 300 x 300mm, the sample 
box was gently lowered onto the sample to ensure an adequate fit 
on. the sample. Frequently, extra trimming was necessary before the . 
box would slide neatly over the top of the sample. At this stage,' 
the top of the block was again checked for level and a magnetic 
north line was deeply scribed into the surface of the material (see 
Plate 1). A sheet of 0.3mm thick,heavy duty polythene sheeting was 
then positioned over the top of the sample, the sides neatly folded 
in and the polythene smoothed down. The wooden box was then slid 
over the top of the polythene covered sample.
With the sample box firmly seated onto the top of the sample, a 
magnetic north arrow was indelibly marked on the top of the wooden 
box, together with such standard details as the block sample number, 
location, date and an indication that this side of the box formed 
the top of the.sample. The base of the pedestal of intact material 
below the level of the box sides was then cut away. This operation 
v/as carried out by hand using the sharp blaaed garden spade, and 
removal of the sample from the bench was assisted by leverage applied 
to the box (see Plate 2).
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PLATE 1 SAMPLE BLOCK CUT AND ORIENTED READY FOR 
SEALING AND BOXING.
PLATE 2 REMOVAL OF A POLYTHENE COATED PARTIALLY BOXED 
SAMPLE OF RHYTHMICALLY BEDDED DEPOSITS.
Once the boxed sample had been separated from its pedestal, the box 
was inverted and the sample base trimmed off with the spade. A 
builder's trowel and a pallet knife were used for final trimming.
The polythene sheeting was then folded over, sealed down with 
densotape and the excess polythene cut off. A note of all the 
relevant details of sample location etc. was affixed to the polythene 
sheeting and the lid of the box screwed firmly into position.
As each block weighed about 1 cwt.,. the transport of the blocks 
from the sample site to the site laboratory and thence to the 
commercial soils laboratories in the south of England presented some 
problems. Each block, having been boxed, was lifted by means of. the 
bucket of the excavator from the trench and thence unloaded. The 
box was then placed in the back of a landrover, positioned between 
padded supports to ensure no movement of the sample during transportation 
to the testing laboratory. Sufficient padding was also place below 
the box to minimise vibration during transport. Similar precautions 
were taken with the U100 samples. •
Block samples treated in this manner, when opened at the testing 
laboratory, showed no visible signs of sample disturbance and 
generally remained in good condition. Natural moisture contents 
measured at the testing laboratory were found to correlate very 
closely with those measured from the trimmed-off material tested in 
the site laboratory. However, an interesting point which is charac- 
characteristic of silty materials. (Terzaghi, 1955) was noted with 
regard to the moisture content of some of the hydraulically driven-in 
U100 samples.. The U100 samples, when opened at the laboratory, were 
found to have collected free water below the wax seal at the top end 
of the sample tube. .This effect was most marked where several 
centimetres of air space occured between the top of the sample and 
the cap of the tube. Such moisture migration was not evident in 
any of the block samples.
In addition, noticeable colour changes took place with time after 
sampling. A yellowing of the outside of each block or tube sample 
was found to' occur within a remarkably short time, sometimes within 
a day. This rapid colour change, considered by the author to be
produced by oxidation of the iron compounds in the clays, gave rise to 
some confusion between the sample descriptions made on site at the 
test pit during sampling, and those made subsequently at the testing 
laboratory.
In sampling each of the various types of deposits it was found necessary 
to attempt to adhere to certain criteria in order to obtain geotechnically 
and glaciologically representative samples which could be deemed to be 
both 'undisturbed' and of sufficient size to encompass all inherent 
small-scale discontinuities. Samples including large-scale 
discontinuities were also collected for testing separately by means 
of the shear box.
Based on published literature (Anderson and McKinley 1975, Jordan 1975, 
Rowe 1971 and others) and based on the experience gained in the 
earlier investigations, the optimum criteria adopted by the author 
for sampling during the 1974 investigations were as follows:
(a) Samples to be oriented with respect to the dam axis such 
that testing can be conducted in the plane of the actual 
stress configurations pertinent to stability analysis at 
that location,
(b) Samples to be of sufficient size to encompass all small 
scale discontinuities, laminations and fissures etc.
Sample size to be used for testing, to be approximately 
ten times the spacing of the identified discontinuities 
(rule of thumb based on results of tests carried out on 
the tills at Hurlford (McGown et al 1974)).
(c) Samples from percussion boreholes to be carefully taken 
in order to minimise disturbance due to piezometric head 
differences between the natural ground around the hole 
and the effective pore pressure existing in the sample 
during sampling. In order to avoid such disturbance, 
the water level in the hole during sampling to be • 
maintained at the level of the known groundwater table 
in the immediate vicinity of the hole. (Note: Such 
problems are rarely of concern during rotary drilling 
operations, where water levels in the hole tend if
anything to be in excess of the natural groundwater tabl 
by virtue of the flush fluid present in the drillhole,)
(d) Samples from rotary core, to be selected during detailed 
logging, to ensure that the sample is cut from the core 
in the central section of the core run, well away from 
the effects of disturbance at the top and base of each 
run. Samples to be carefully sealed in polythene or 
aluminium foil and wax and thence packed in a rigid 
container for. transport to the testing laboratory.
(e) Samples in all cases to be cleanly cut. The inherent 
disturbance effects due to worn cutting edges and to 
thick-walled sample tubes and cutting shoes to be 
minimised by the use of new cutting shoes wherever 
possible and by thin-walled tubes (area ratio less than 
5% of the sample cross-sectional area i.e. 1.25mm wall 
thickness for 100mm diameter sample tube). Furthermore, 
the inside dimensions of the cutting shoe, where used 
for sampling, to be identical to that of the sample 
tube in order to minimise' any post-sampling relaxation 
and concommitant swelling.
(f) Sample containers to be completely filled‘in order to 
avoid swelling or movement of the sample in the 
container during transport. (Silty materials, for 
example, show a strong tendency to consolidate when 
vibrated, giving rise to exuding, of the pore water from 
the sample.)
.(g) Each sample to be fully labelled with the date, time, 
location and right-way-up information. Prior to the 
dispatch of the sample to the laboratory, a full- 
on-site geological description of each sample to be 
packed within the sample container along with results 
of moisture content and bulk density determinations of 
adjacent material when feasible. In this- way a check 
can be maintained on any changes of condition of the 
sample that occur between the field and the laboratory.
In addition to the criteria adopted to ensure that the samples were 
as geotechnically representative as possible and had undergone the
minimum of disturbance during sampling, it was necessary to ensure 
that the samples were glaciologically representative in the light of 
both the vertical and lateral distribution of deposits as well as with 
regard to expected foundation conditions at any particular location.
In this respect, the location of each sample site as selected by the 
author was carefulljr chosen to ensure that sampling took place of 
material representative of the area for which stability analysis 
was required.
Samples of the thin varved and rhythmite horizons encountered at
.\
depth between various till types were difficult to effectively collect 
in that frequently insufficient material was available in any one 
drillhole. In such cases, detailed mapping, of exposed material in 
the test trenches, was carried out by the author in order to 'match* 
the visual and index properties of the thinner horizons at depth. 
Sampling and testing was then carried out on the materials derived 
from the trenches, on the assumption that tests on such material ware 
representative of similar material at depth.
CHAPTER 5
METHODS OF TESTING
Various levels of engineering testing of the foundation materials 
were conducted for each of the site investigations at Brenig. The 
results of all the testing have been collected together and summarised 
in Chapter 11. In this chapter, the purpose for each individual type 
of test technique used on the Brenig materials is presented, together 
with a discussion of the limitations and applicability of that type 
of test technique to evaluating the characteristics of the glacial 
materials.
For discussion purposes, the procedures of testing have been- 
subdivided into three groups on the basis of sample size:
—  Laboratory tests on small scale 'undisturbed' samples, 
including conventional index and 'disturbed1 tests;
—  Laboratory tests on large scale 'structurally representative 
samples 1;
and —  Insitu tests.
Throughout the following description of procedures,, the term sample 
has been used to describe the material brought from the field to the 
laboratory (i.e the tube sample, block sample etc.. as discussed in .
Chapter 5). The term specimen has been used to describe that part of 
the sample selected and used for the actual laboratory test (e.g. the 
37.5mm diameter, 75mm high sample cut from a 305mm cube block sample 
for testing in the triaxial apparatus).' .
Most of the laboratory tests described in this chapter were carried out 
at commercial laboratories over the period from 1949, when the first 
investigations were conducted, to 1374/75, when the dam constr.iction 
was undertaken.
The initial test work, comprising some seven shear-box tests, some 
grading analyses and several Atterberg Limit determinations was 
carried out in 1949 by Le Grand, Sutcliff and Gell Limited.
Most of the routine laboratory tests for the borehole cores obtained 
during the 1969/1970 investigation drilling conducted by Foraky 
Limited were also carried out by Le Grand, whilst some of the more 
specialized tests were conducted by G. Wimpe^ Laboratories. The 
laboratory tests on the core obtained from the 1972 investigations 
conducted by Nuttall Geotechnical Services and Boyles Bros Limited 
were carried out by Nuttalls, as were the majority of the small 
scale .shear-box and triaxial tests, that were conducted for the 1974 
construction investigations supervised by the author. A number of 
large scale shear-box tests, some of the Rowe Cell tests and many 
of the small scale SO x 60 mm shear-box tests on the samples 
obtained from the•investigation trenches, excavated by the author 
during the construction investigation, were carried out by Soil 
Mechanics Limited.
In addition to the commercial laboratories, a limited number of the 
more routine soil identification and compaction tests were carried out 
under the author's supervision at .the site laboratory during the • 
consruction investigation. Such testing for each of the block and core 
samples shipped out from the site for commercial testing almost always 
included determination of standard identification parameters, such as 
moisture content, density, grading and Atterberg Limits..
I. LABORATORY TESTS ON SMALL SCALE SAMPLES
Several different types of small samples were collected for laboratory 
testing. The testing procedures used were varied with respect to the 
type of sample available. Basically two distinctly different 
procedures were adopted:
A) tests on disturbed samples,
and* B) tests on ’undisturbed' samples.
The former group, of tests were normally carried out to determine 
classification (index) parameters for descriptive labelling purposes, 
whereas the latter tests were primarily to obtain engineering 
characteristics necessary for design purposes.
A ) . Tests on Disturbed Samples 
Other than moisture content determination, most of the tests carried 
out on disturbed samples were, conducted on air-dried material.
A(i), Moisture Content Determination 
All moisture content determinations were carried out following the 
standard guidelines laid down in B.S. 1377 (1967). Typically, for 
the fine-grained soils, some 30-50 grams of lightly disaggregated 
material were oven dried at 105°C for 24 hours in a thermostatically 
controlled oven'. For the testing carried out elsewhere than in the 
field laboratory, the specimens on removal from the oven were allowed 
to cool in a dessicator, prior to determination of the dry weight. On 
site, in some cases, particularly when testing medium grained soils 
for routine dam construction control, 'dry' weighings were made of 
warm material without allowing the samples to cool in a dessicator.
A(ii). Specific Gravity. Dry and Bulk. Density 
Both dry and bulk density determinations were carried, out for most 
of the materials encountered at Brenig. In addition, specific 
gravity determinations of the fine fraction of selected samples 
were also conducted. For such tests, the method for fine grained 
soils, as outlined in B.S. 1377, was generally used. Most tests 
were performed using paraffin, inct-der to avoid any dissolution 
effects which might result from using water as the testing medium. 
However, for the determination of the specific gravity necessary 
to compute the results of the P.S.D. sedimentation tests, water was 
used as this was the medium used for the sedimentation analysis.
Comparison of the results of tests carried out using paraffin with 
those using water indicated that the differences in determined S.G. 
were generally within the. order of accuracy of the testing technique.
A(iii), Particle Size Distribution Analysis 
Grain size distribution analyses for the wide variety of materials 
encountered at Brenig ranged from determination of distributions 
from the clay fraction (less than 0 .002mm) through to cobble size . 
and even small boulders (of the order of 100-200mm equivalent diameter). 
Depending on the range of particle size evident from visual description, 
an initial sample quantity was selected for grading analyses such that 
approximately 4.00 grams of material would remain after initial sievings 
had removed all material- in excess of gravel size- (i.e. greater than 
20mm diameter).
Determination of the grain size distribution of the soil fraction of 
less than 20mm was carried out according to the test procedure 
outlined in 3.3.1377 using either the pipette or hydrometer method 
for the fine fraction analysis depending on the general technique 
adopted by the particular laboratory undertaking the tests. On site, 
the hydrometer method was preferred.
Having passed the 400 grams of lightly ground material through a 
standard sieve set, the remaining material in the base pan, if greater 
than 100-150 grams in weight, was continually quartered to obtain a 
specimen of about 50 grams for use in the sedimentation section of 
the test.
In most cases the sedimentation specimen was given hydrogen peroxide 
pre-treatment in order to remove any organics. Prior to detailed 
site geological evaluation and before it had been noted that many of 
the materials exhibited a significant carbonate content, almost all 
sedimentation analyses were also conducted using 0 .1 .N. hydrochloric 
acid pre-treatment in addition to the peroxide. (The losses in weight 
representing the carbonate content as determined by comparative analyses 
with and without acid treatment are discussed in Chapter 11 with 
specific relation to till mineralogy.) For almost all of the 
sedimentation analyses, sodium hexametaphosate (commercially available 
as calgon) was used as a dispersing agent. However, in a few cases,
in order to specifically determine the size of material particle 
aggregations, a defloculant was not used. ■
Throughout the P.S.D. determinations the sampling times used for the 
sedimentation section of the analyses were derived from the test 
procedure outlined in 3.3. 1377 using values of specific gravity 
obtained for the pre—treated fine fraction material.
A(iv). Atterberg Limits 
The consistency limits (liquid and plastic limits) of the soils 
were determined using the. standard procedures outlined in B.S.1377 
whereby the tests are carried out on disaggregated fractions of soil 
passing a Number 36 B.S. sieve (0.45mm) after having been ground with 
a rubber pestle and mortar. The material used for Atterberg Limits 
was taken from a variety of sources other tban from'undisturbed' 
samples. The parings.from the side of specimens being prepared for 
oedometer, triaxial or shear-box tests were routinely tested, as were 
fractions of soil from core samples or from U10C tubes. In addition, 
some of the fine fraction material used for particle size distribution 
analyses was generally tested for limits,
A (v ). Standard Proctor Compaction Tests .
Soil samples from both the placed dam core materials and from reworked 
material derived from borehole UlOO's and core samples, were tested in 
order to determine Proctor optimum densities. Some tests were 
conducted on samples from the site investigations for design purposes. 
Hov/ever, the majority were undertaken for quality control during 
construction of the dam core. In addition, Proc.tor tests were carried 
out using the standard procedure outlined in. 3,S.1377 on samples 
obtained directly from the dam foundations, borrow areas and- from 
drillhole cores. For such tests and for some of the tests carried 
out on the reworked material from several borehole cores, the 
correction for the gravel fragments retained on the 3/4M (19mm) 
sieve were employed.
Typically samples selected for compaction tests from the dam core 
and borrow areas were obtained from the material excavated during 
in situ density tests. Normally some 30 kgs of soil were subdivided
into seven 2400 gram specimens, and each placed in a labelled tray,
A compaction test on one specimen at natural moisture content was 
then iDerformed utilizing a standard 5.5xb (2.5kg) hammer compacting 
three 300 gram layers into the standard mould. The remaining six 
specimens meanwhile were conditioned to %%, 1 %, l/i%, 2%% and 3% drier 
than the natural moisture content and 1% wetter respectively, and then 
allowed to stabilize overnight in sealed containers in order to 
ensure equalized moisture distribution throughout each specimen. 
Compaction tests and moisture content determinations were then 
carried out to determine the Proctor optimum density and moisture 
content.
A(vi). Other Tests 
During the course of the 1974 exploratory trenching and drilling 
phase, numerous samples were collected for descriptive purposes.
In addition to the standard grading, Atterberg limit and density 
tests carried out on such samples, certain selected specimens were 
broken up or dissected to examine the structure of the soil fabric. 
Peelings from the sides of such samples and scrapings from individual 
layers were subjected to standard classification tests where enough 
material could be collected. Where insufficient material was 
available, descriptive studies using a hand lens and 'finger 
consistency' tests were performed utilizing similar materials of 
known properties as a control on the 'hand identification' procedure. 
In general such hand tests followed the procedures summarized on the 
footnotes of Table 24 in Chapter 13 and outlined in the suggested - 
methods for evaluating soils for the Unified Soil Classification 
System (ASTM publ. D-18, 1964).
B). Tests on 'Undisturbed* Samples 
In order to obtain detailed engineering data on the various materials 
forming the foundations of the dam site, considerable effort was 
expended to obtain 'undisturbed' samples. Such samples were primarily 
collected to enable strength, consolidation and permeability tests 
to be carried out on representative 'undisturbed' material. Core 
and block samples ware primarily used, the latter being collected
mainly from the gl&ciiacustrine deposits, in order to evaluate the 
anisotropic characteristics of the rhythmite deposits. Strength and 
consolidation tests on the complete suite of cohesive materials were 
generally carried out on U1C0 samples obtained from boreholes and on 
rotary core samples recovered from the exploratory drillholes, 
although some check testing was carried out on block samples from the 
core trench, the borrow areas or from the exploratory trenches 
excavated along the upstream toe of the dam.
8 (i). Triaxial Shear Tests 
Several forms of triaxial tests were carried out on the foundation 
glacial materials in order to assess their responses under the 
different loading conditions expected during the various phases 
of the excavation, construction and long-term operating life of 
the dam.
To this end, both quick and slow, unconsolidated undrained tests 
were carried out in order to examine construction stability conditions, 
while consolidated undrained tests and slow consolidated drained tests 
were carried out to establish the soil behaviour that could be 
representative of the long term stress state in the foundations 
and construction materials after completion of the dam. ■
The various forms of triaxial tests were carried out on both 100mm 
and 38mm diameter samples of materials obtained directly from the 
foundations of the dam, on material from the borrow areas and from 
material recompacted to various degrees to approximate the conditions 
envisaged for the core of the dam.
For each triaxial test, a cylindrical specimen of soil was prepared 
from the field sample. Normally the specimen was of a suitable 
diameter to be incorporated directly into the triaxial cell; in 
other cases a 38mm diameter specimen was cut from the centre of. the 
larger diameter field sample or from the recompacted soil sample 
contained in the Proctor mould. In some cases, samples needed 
substantial trimming of the ends in order to remove stones and fine 
gravel fragments.
The cylindrical specimen, once trimmed to the correct size, was 
enclosed in a rubber membrane and mounted on the saturated porous 
disc which rests on the base pedestal of the triaxial cell (see 
diagrammatic illustration of the typical set-up, Figure 31). The 
axial principal stress, or , was applied vertically by the displacement 
of a rigid platten; cr^ , the horizontal stress, was applied uniformly 
around the specimen (i.e. cr0=: ov.) by means of a hydrostatic fluid
Cm O
pressure applied against the membrane surrounding the specimen.
In'some situations, i.e. the slow drained tests and some of the quick 
undrained tests, pore pressure measurements of the specimens being 
measured were not undertaken throughout the test. However, for the 
remaining tests, pore pressure measurements were carried out by means 
of mercury manometers or by electrical pressure gauge methods 
depending on the laboratory undertaking the tests.
The volume changes of the specimen being, sheared were determined by 
measuring the water imbibed or expelled in the drained tests,-while 
in the undrained tests the volume changes were assessed from 
determination of the pore pressures throughout the test. A number 
of undrained tests were conducted specifically to determine the pore 
pressure parameters A and 3 (Skempton 1954, Bishop 1954). Other 
tests were run to determine the parameter B (Bishop and Morgenstern, 
1960) for use in evaluating construction and long term responses of 
the clay core of the dam specifically during reservoir filling.
For the quick undrained tests carried out on 3Smm and 100mm diameter 
samples from the 1970 and 1972 investigations, and for the quick- 
undrained tests carried out on material sampled in the 1974 
investigation supervised by the author, strain rates.of the order of 
10-12% per hour (9mm/hr) were used. For the consolidated drained and 
consolidated undrained tests carried out in 1970 and 1972, the 
routine tests were conducted using strain rates derived from the time 
taken to achieve 90% consolidation in the consolidation stage of the 
test (Akroyd, 1969). Such rates typically were of the order of 
1-5% per minute (0.02-0.06mm/hr) for the tests carried out in the 
1969/70 investigations. At a later date, several series of drained 
tests and slow undrained tests were also carried out. For these tests,
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rates of strain of between 0 .1 % per hour(0.08mm/hr) and G.05% per hour 
(0.04mm/hr) were used.
For all but a few tests the testing procedure for the consolidated 
triaxial tests was akin to the standard method as outlined in Bishop 
and Henkel (1962) or in Akroyd (1969), the sample being set up on 
the top of a base porous sintered disc with a filter paper drain 
having been carefully wrapped around the sample and placed in 
contact both with the basal porous disc and with one subsequently 
placed on top of the sample. Once the filter paper had been 
adequately attached, a medium weight rubber membrane was stretched 
around the sample. The membrane was attached to the sample by 
means of rubber 'O' rings. Medium and thick walled membranes were 
used for most of the tests on the tills in order to obviate membrane 
puncture by gravel fragments in the specimen, which would have led 
to pore water interaction with the o*3 cell pressure fluid.
The majority of the laboratory triaxial tests on the tills were • 
conducted in 1970, 1972 and 1973. The tests were carried out in 
commercial laboratories as part of the routine evaluation of design 
parameters from the site investigation boreholes. In general, 
therefore, the tests were not conducted in such a 'research* manner 
as were the tests on the specimens selected by the author from the 
glacilacustrine deposits sampled in the 1974 construction phase 
investigations. ' These latter tests which were undertaken throughout 
1974 and 1975 were conducted on specimens carefully selected from 
glaciologically representative block and core samples. Nevertheless 
specimens of both the tills and the glacilacustrine materials were . 
tested under conditions that were deemed representative both for the 
existing field stress state and for the stress state after construction. 
In ail cases, the cell pressures were selected to allow determination 
of the Mohr-Coulomb failure envelope- pertinent to the specimen being 
tested.
For some of the 1974 consolidated drained triaxial tests, specimens 
were cut from the laminated deposits at various angles to the 
horizontal in order to determine the effect of sample structure on 
the measured triaxial strengths. These specimens were tested at the
96.
same rates of strain as used for the other consolidated drained tests 
on similar material (i.e. between 0.05% and 0.1% per hour), .
In total, over 50 triaxial tests were carried out on the Brenig 
glacial materials. Most of the tests were undertaken on 100mm 
diameter specimens. However, approximately a dozen were carried out 
on 38.5mm diameter specimens, the majority of which had been cut from 
the block samples obtained by the author from the exploratory trenches 
along the upstream toe and core trench of the dam. -
B (ii). Direct Shear Tests.
Over the period from 1973 to 1975, a comprehensive programme of 
shear-box tests was carried out on various sized specimens trimmed 
from ’undisturbed’ samples. The majority of the shear-box tests 
were conducted on small scale 'undisturbed' specimens, comprising 
60x60mm shear planes on specimens initially 25.4mm thick.
Two of the 60x60mm shear-box specimens were obtained from block 
samples of till collected during the 1973 pre-construction trenching. 
The remaining small scale 60x60mm specimens, approximately 50 of 
them, were obtained from block samples of the glacilacustrine 
rhythmites excavated during the 1974 construction investigations.
For each of these latter block samples, an attempt was made to 
obtain three shear-box specimens from the same discontinuity or 
lamination. The standard procedure for obtaining these square 
specimens was initially to cut 75-80mm thick vertical slices from 
the large block sample with a sharp palette knife. The three 
specimens, each 30-40mm thick, could then be sliced horizontally 
from the one: vertical slice. In this manner it was found possible 
to arrange that the selected lamination or weak discontinuity was 
positioned approximately in the central plane of each specimen. In 
some cases, difficulties were experienced in getting the required 
laminations exactly parallel to the proposed plane of shearing, 
while in other cases it was found difficult to ensure that all 
three specimens were across the same layer.
Once three approximately correctly shaped specimens had been cut from 
the block, the 60mm square cutter was either pressed into the material 
whilst paring away the edges with a sharp knife or spatula, or, as for 
some of the later specimens, the cutter was pressed onto the top 
layer of the sample, thereby acting as a template from which the 
specimen could be readily trimmed using a knife and spatula.
After marking out, the prepared specimens were checked for squareness 
using a straight edge and square, and were then transferred to the 
upper half of the shear box for final trimming. During this 
operation, great care was taken to ensure that the selected shear 
plane would remain in the centre of the specimen such that shearing 
would be confined to the selected layers. The two halves of the 
shear-box were then bolted together with the grooved drainage plate 
and porous stone in position in the lower half of the box. The 
specimen was pushed down onto the base of the assembled block, the 
upper porous stone and grooved plate being added on top of the 
specimen prior to placing the loading cap and ball bearing assembly 
on top of the shear-box.
In general, the three selected specimens of the same discontinuity
were tested concurrently under applied vertical stresses of 150, 300
2
and 450 kN/m .at rates of strain of the order of 0.0051 to 0.0097 mm/min 
(0.51 to 0.97% per hour).
These strain rates were considered sufficiently slow that drained 
conditions would prevail during the tests, as evidenced by specimen 
response under initial consolidation. For comparison purposes, a 
limited number of quick undrained, tests were carried out at a strain 
rate of 0.610mm/min (1 % per hour), in order to examine the effect on 
the measured strength. A 25-30% increase in the measured strength 
at failure was noticed for the undrained tests when compared with 
the drained tests on specimens from the same discontinuity.
Several series of multi-reversal tests were undertaken to determine 
residual strengths. For such tests, the two halves of the shear-box 
were racked back together by hand after the initial peak strength 
had been measured. The specimen was then sheared again using the
same strain rate as before. Normally three reversals of the shear- 
box were sufficient to reach residual values.
In addition, a limited number of small scale 60mm square shear-box 
tests were carried out on remoulded specimens of the rhythmites.
For these tests the soil material used for the three 'undisturbed1 
tests was recompacted to the same moisture content and in-situ density 
as existed in the 'undisturbed' state prior to shearing. The same 
preparation and testing procedures were then utilized to determine 
the remoulded strength of the 'unstructured', homogenised material 
comprising the. rhythmically bedded deposits,
B(iii). Compressibility Tests.
The data derived from the consolidation stages of the triaxial 
consolidated undrained and consolidated drained tests were used to 
determine the majority of compressibility characteristics for the 
tills. ,Such techniques were used primarily to overcome several 
limitations inherent in the classical oedometer apparatus which 
neither facilitates control of the drainage of the sample nor 
allows pore pressure measurements to be undertaken. For some of 
the tills,' however, a series of specific triaxial dissipation tests 
were carried out using 38mm diameter, 'undisturbed*samples. In 
total three triaxial dissipation tests were conducted on samples 
set up without side drains. These tests were aimed at comparing the 
determined coefficient of consolidation, c^, of the tills measured 
by this method with the results deduced from the normal consolidation 
stage of the routine triaxial tests where side drains had invariably 
been attached to the specimens. This specific dissipation testing 
was considered a necessary check in view of the known variable 
effectiveness of side drains in routine triaxial testing.
B(iv). XRD, Petrographic and Scanning Electron Microscope 
Examination of Core Material and Shear-Box Samples. 
Optical microscopic analysis was carried out by Dr. E. Derbyshire 
of Keele University on selected 60x60mm shear-box samples (Derbyshire, 
1974). This work was undertaken in conjunction with visual examination 
by the author in order to ascertain if shearing of the clay layers 
within the rhythmite horizons had exploited any particular layer.
Such examination was also conducted to examine the author’s premise 
that shearing preferentially would occur at a depositional hiatus 
in the varved sequence, as occasionally the author had observed 
such boundaries to be sheared in-situ.
In conjunction with the optical examinations, a series of X-ray 
diffraction analyses was also carried out by Dr. Derbyshire on 
samples selected by the author from core materials from the foundation 
boreholes, as well as on some of the trimmings of the block samples, 
which were pared off whilst preparing either the 37.5mm diameter 
triaxial specimens or the 60x60mm shear-box specimens.
The 60x60mm shear-box specimens used for thin section preparation 
were impregnated under vacuum with an epoxy resin prior to sectioning, 
in order to maintain the integrity of the sample. The material used 
for the X-ray diffraction analyses was prepared as follows. A 
suspension of the material was deposited on three glass slides and 
then allowed to air-dry. One slide was scanned untreated, the second 
was heated to at least 550°C for two hours, whilst the third was 
suspended in glycol vapour for an hour at 80°C prior to scanning.
The length of scan used for the XRD analyses was from 3° to 30° 2© 
using copper cobalt (CuKo6 ) radiation and a nickel (Ni)'filter.
Some scanning electron microscope analyses were also conducted by 
Dr. E. Derbyshire on core material selected from the various deep 
foundation drillholes as being representative of the various deposits 
encountered at the site. The specimens for scanning electron 
microscope analyses were prepared by air-drying a small fragment of 
the selected sample and then vacuum coating the material with gold 
palladium prior to inspection.
A full description of the standard methods of preparation suitable 
for detailed examination of such materials under the XRD spectrometer 
and scanning electron microscope is included in ftroste (1955) and in 
Johns, Grim and Bradley (1954).
IX. LABORATORY TESTS ON LARGE SCALE 'STRUCTURALLY
REPRESENTATIVE' SAMPLES .
In view of the growing amount of data available indicating the 
unreliability of small scale tests to determine geotechnical 
parameters, particularly with relation to the strength of the 
material (Rowe 1971, McKinlay and Radwan 1975), a definite attempt 
was made during the 1974/75 investigations supervised by the author 
to collect large 'undisturbedsamples of material considered - 
representative of specific horizons and sequences encountered at 
depth within the dam's foundations.
Selection of an adequate sample size to ensure that representative 
strengths were determined on the Brenig materials was based on an 
assessment of available published data. A number of workers had 
attempted to assess the influence of sample size on measured 
strength. Lo, in 1970, suggested that for randomly fissured clays, 
if the size of the test specimen was increased from that in which 
no fissures were present to a size in which the fissures were 
ubiquitous, then the strength would drop from that of the intact 
material to something close to the strength of the fissures. Several 
other workers, notably Marsland (1971), Simons (1967) and Bishop and 
Little (1967) had examined the influence of specimen size on measured 
strength of some stiff clays. More or less all of these data 
accorded with the pattern of results suggested by Lo.
In parallel with the aforementioned research, some workers had been 
examiming the stiff overconsolidated fissured clays from a more 
geological and fissure fabric point of view: McGown et al (1974),
Fookes (1965), Fookes and Wilson (1966), Fookes and Denness (1969) 
and Kazi and Knill (1973). The implications of the results obtained 
by these workers on the comments made by Lo and others had been that 
the orientation, surface condition and persistence of the predominant 
fissure suites existing within overconsolidated soils provided the 
governing factor in the overall soil behaviour. Accordingly, for the 
sampling at Brenig, an attempt was made to obtain representative 
samples of the controlling fissures which were oriented in a 
direction of significance to the required stability analysis. Such
sampling was undertaken on the premise that the results obtained from 
carefully testing such samples would give as good, if not better, 
strength estimates than could be obtained by testing of routinely 
oriented enormous samples.
In accordance with the philosophy outlined above, oriented block 
samples of each of the major material types were obtained by the 
author for specialized laboratory testing. These block samples were 
used to carry out both the large scale tests and many small scale 
•carefully selected and oriented' tests. The tested discontinuities 
were deemed by the author to comprise the controlling discontinuities 
identified in the glacial deposits. These essentially comprised the 
fissures in the tills and the weak clay layers in the glacilacustrine 
deposits.
As a result of the careful sample selection phase of the 1974 dam 
construction investigations, it was considered that representatively 
oriented small scale 'undisturbed* triaxial and shear-box specimens 
could be prepared from the larger block samples. Furthermore, it was 
deemed more effective to carry out a sensitivity analysis comprising 
a series of tests on many visually identified weakness planes rather 
than to expend a large amount of money carrying out a few tests on 
extremely large samples which might not enable a sufficiently wide 
spectrum of materials to be examined. Therefore, the majority of 
strength tests on the block samples obtained by the author were of • 
the small scale 'undisturbed' specimen size. However, in order to 
check the reliability of such an approach, a limited number of 
large scale shear-box tests were carried out on blocks taken 
immediately adjacent to the locations of the block samples which 
had been sliced up to provide the 60x60mm shear-box specimens. In 
addition, in order to determine anisotropic permeability and 
compressibility characteristics of some of the rhythmite materials 
for comparison with previous data from triaxial tests, a series of 
large diameter Rowe cell consolidation tests were carried out.
(i). Large Scale Direct Shear Tests.
Three 305mm square, 150mm high shear-box specimens were prepared from 
block samples I and J, which had been specifically’ sampled by the 
author from representative horizons of varved clays contained within
a discrete sequence of rhythmically bedded glacilacustrine sediments.
As with the small scale shear-box tests, the specimens were carefully 
prepared to attempt to align a specific plane in the centre of the 
shear-box.
The two large samples which were tested from block J were consolidated
2
and sheared under normal loads of 300 and 450 kN/m , while the sample
2
from block I was loaded to 450 kN/m . The latter block was sheared at 
a rate of 0.017 mm/min (0.33% per hour) while the specimens from 
block J were sheared at a rate of 0.0051 mm/min (0.10% per hour). The 
rates of strain chosen for the shearing of the samples were derived 
from consideration of the results of the small scale drained shear-box 
tests on 60mm square samples taken from a small segment of the same 
block. It was considered that such strain rates were sufficiently slow 
that drained conditions would prevail during the tests.
The opportunity for examining the failure surface after shearing, which 
was provided by the testing of both the 305mm square and 60mm square 
shear-box specimens, was exploited to the full. The block samples 
were cut apart and the varved clay layers separated in some sections 
to examine the region around the failure plane. Photographs of the 
failure surface were taken, and in some cases- Atterberg Limits were 
determined on the material from the failure plane. The results of 
tests, and the results of the overall shear tests, are presented 
in Chapter 11, together with a discussion of the optical microscope 
examination results regarding the nature of the material in the zone 
of shearing.
(ii). Large Diameter Pedometer Consolidation Tests.
In order to determine the anisotropic consolidation characteristics of 
the glacilacustrine deposits, a series of six block samples of the 
varved rhythmite deposits collected from the upstream toe trench of 
the dam were subjected to consolidation tests in 249mm and 254mm 
diameter Rowe cells. In total, specimens from four of the block 
samples were tested with the cell drainage arranged vertically across 
the sample, while two specimens were tested with radial drainage.
In general, the.samples were consolidated under free strain conditions 
utilizing the flexible upper cell membrane. Also, in order to avoid 
undue sample disturbance, the specimens were set up in the cells with 
external drainage for the radial tests and top drainage for the 
vertically drained tests, thereby allowing pore pressure measurement 
at the base of the cell in both cases (see diagrammatic layout on 
Figure 32).
Before insertion into the cells, the block samples were carefully 
removed from their field wrappings and then cut vertically across 
the varved laminations with a 254mm diameter cutting ring. The 
cutting ring was initially smeared with silicon grease for the tests 
with vertical drainage only. The specimen so formed was then trimmed 
to an approximate thickness of 90mm before transfer^, into the cell.
In the case of the radial tests with peripheral drainage, the ungreased 
cutting ring with its axis vertical was prised off the specimen and 
the latter encircled with the drain before insertion into the cell 
body.
Once the sample was installed in the cell it was slid over the de-aired 
cell base which had been just covered with a film of de-aired water.
The cell base and body were then sealed together by bolting. Similar 
precautions were taken in attaching the top of the cell in order to 
avoid trapping air in the cell. On sealing the cell, as recommended 
by Rowe and Barden (1966), a small bedding-in pressure was usually 
applied to drive off the surplus water from the top of the specimen 
via the small circumferential drain located behind the top platten 
rubber jack.
Loads were then applied in double increments as is the normal manner 
with the conventional oedometer. Each increment generally comprised 
an undrained stage and a drained stage. The undrained stage consisted 
of the application of the diaphragm loading without allowing drainage. 
The consequent increase in pore pressure, measured at the base of the 
specimen, was monitored until such time as the pore pressure within 
the specimen equalised throughout, as indicated by the pore pressure 
recorded reaching a constant value. The drained stage was then 
started by opening the drainage valve, thereby allowing drainage
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from the specimen, usually to an open burette or to a back pressure 
system via a volume change gauge. Readings of changes in height 
together with volume changes and pore pressure differences were taken 
in the same manner as the conventional oedometer test (that is, at 
equal time intervals throughout the test). The results of the 
measured changes in volume and settlement were plotted cumulatively 
against log time. Typically the percentage pore pressure dissipation 
was also plotted against log time.
The most important advantage of the Rowe cell over the conventional 
rigid arm dead load oedometer is in the control of drainage. In the 
conventional oedometer there is little control of drainage, which 
commences as soon as load is applied, before pore pressures have 
become stable, and hence a true peak pore pressure is seldom attained, 
and may frequently be missed. In the Rowe cell the load can be 
applied with the drain closed,, allowing full development of the initial 
pore pressure which may then be monitored throughout the loading 
until stable conditions are achieved. The dissipation stage can then 
be started from an equilibrium pore pressure condition, allowing 
determination of any initial compression during loading of the 
undrained specimen.
Furthermore, for the rhythmically bedded glacilacustrine clays and 
silts, as it was possible that air had been imbibed into the sample 
during the sampling process (Rowe and Barden, 1966), it was deemed 
advantageous to be able to saturate fully the specimens prior to 
consolidation testing. Such a saturation stage and control of the 
pore pressure response of the specimen under test was found to be 
only possible by means of either the triaxial apparatus or the Rowe 
cell. As the latter also allowed good control and variation of the 
direction of drainage, testing of the glacilacustrine deposits was 
preferentially performed on large diameter specimens in the Rowe 
cell. For the tills, the small diameter specimens cut from large 
block samples or from rotary core samples were found adequate with 
testing performed in the triaxial apparatus.
III. INSITU TESTS.
The insitu testing that was carried out at Brenig did not include any 
strength or consolidation, testing. Some routine standard penetration 
and cone penetration tests were carried out. However, in general, the 
only insitu testing conducted was that undertaken to determine the 
permeability characteristics of the materials. A series of rising and 
falling head and full scale pumping tests were carried out in the 
boreholes put down during the 1949, 1970 and 1972 investigations. This 
was supplemented by some insitu permeability testing of the glacial 
material which was carried out in 1974 and 1975 as part of the tube-a- 
manchette grouting of the dam foundations.
The testing that was carried out in 1949 holes was conducted in 8" 
(200mm) diameter wells. One test pumping well was established within 
a permeable gravel encountered in boring No. 9 (see Figure 2). A  
pump-out test was conducted pumping 200 gallons per hour out of the 
hole. No specific details are available of the depth of the test or 
of any of the installed screening. However, it is noted in the records 
of the 1948/49 investigations that the water level in the hole was 
reduced by the pumping by 35 ft (12m), but that the flow was persistent. 
The standing water level when water was encountered at 60ft (18m) 
depth was 29ft (9m) below the hole collar, while at 92ft (28m) depth 
at the junction with the bedrock where water was also encountered, the 
standing water level rose to only 20ft (6m) below ground surface.
It must therefore be concluded that the test probably took place in 
the deposits from 60ft (18m) to 73ft (22m) recorded in the log of the 
hole as fine sand and gravel with clay pockets. "
A somewhat more sophisticated testing procedure was followed for the 
holes drilled in the 1970— 72 investigations. To evaluate the 
permeability of encountered sand and gravel deposits across the site, 
slotted well casing was installed in three holes in which constant 
head tests were then carried out to provide a double check on falling 
head tests also done in the same holes. No full-scale pumping tests 
were, however, performed so that interconnections, if any, between 
the horizons encountered in the individual holes were not validated.
The procedure adopted for the insitu falling and rising head tests 
that were conducted during these investigations basically followed 
that devised by Hvorslev (1969). Such tests require that the change 
in head during the test is recorded at specified time intervals.
For the constant head tests conducted during the same investigations, 
the test procedure ensures that the flow into the hole that is 
required to keep the level in the hole constant is recorded.
During the 1974 construction operations, the central section of the 
dam under the core trench was grouted using the tube-a-manchette 
system. The primary grout holes were spaced at 10m intervals along 
the axis of the dam. Each hole was water tested prior to grouting. 
Water acceptance in the testing was used as a guide for evaluating 
the need for second order grout holes. In general, the water 
testing carried out in the tube-a-manchette holes was undertaken as 
a one stage Lugeon-type pressure test, the pressure being applied 
at any one sleeve being somewhat less than the ambient overburden 
pressure.
Apart from the permeability tests, no other large scale insitu 
testing was carried out at the dam site. However, a certain amount 
of classification testing of insitu material was undertaken as part 
of the author's trenching and block sampling programme. A limited 
number of insitu density determinations were also carried out on 
the tills in the borrow area as well as in parts of the core trench. 
Such tests were undertaken both of the core-fill after placing and 
of the insitu material prior to excavation.
The insitu densities were typically determined by the sand replacement 
method. The procedure adopted was that of excavating a small 
cylindrical hole approximately 16" (400mm) diameter and 12" (300mm) 
deep into the material for which it was required to determine the 
density. The hole was then filled, after excavation, with a known 
quantity of sand, thereby affording a measure of the hole volume. 
Knowledge of this volume, in conjunction with the weight of material 
excavated from the hole after being oven dried, allowed the insitu 
density of the material to be determined.
part 2
DEPOSITS
CHARACTERISTICS OF MODERN GLACIAL DEPOSITS
• CHAPTER 7 .
The deposits at Brenig comprise a suite of materials which from the 
standard soils classification point of view may be called everything 
from laminated silts to boulder clay (till). In fact, the descrip­
tions given on the geotechnical borehole logs for the site, compiled 
in the 1S70 and 1972 investigations, call the materials by such 
terms. Little differentiation is given to the material variation or 
to the subtle changes in material properties in the tills or the 
laminated materials. By such subtle differences in the character of 
the materials it is possible to classify each type of deposit by 
reference to the properties, characteristics and appearances of ' 
similar modern glacial deposits.
Modern glacial deposits have traditionally been classified by • 
geomorphologists on the basis of their mode of origin. This method 
is by far the most effective in terms of identifying the processes 
by which the deposits are laid down. It can also be applied in 
reverse to establish within certain limits- the possible mode of 
origin of any particular material of interest and furthermore can be 
of significant benefit in correlating and extrapolating material 
properties between known data points (such as boreholes).
Accordingly in this chapter, a review of the salient points of 
modern glacial research, is presented by major material types, as this 
approach yields the most effective means of classifying Pleistocene 
deposits.
Many of the terms used in the description of glacial deposits are 
Scandinavian in origin, others have been coined initially in the 
geomorphological, geological or glaciological literature. A 
relatively comprehensive series of definitions as they are applied 
to the identification of glacial deposits are given by Harland, Herod 
and Krinsley, 1966. .
a) TILL '
Till is considered to be a material whose components are aggregated • 
and deposited by the direct agency of glacier ice, and which, even 
though it may have undergone subsequent post-depositional deformation 
by flow, has not suffered disaggregation and redeposition (Goldthwait 1971).
Three main types of till have been recognised from the deglaciation 
of existing arctic and cold-phase glaciers in Spitzbergen, Iceland 
and elsewhere, see Figure 33.
Flow Till - released as a fluid mass from the internal 
(englacial) debris load of the. ice when this is exposed by melting 
of the glacier surface.
Melt-out Till - deposited by slow melting of masses and 
mounds of stagnant ice,covered usually by a blanket of stable over­
burden or flow till deposits.
Lodgement Till - released from the basal ice of the 
glacier, either by pressure melting against bedrock obstructions, or 
by melting of debris rich ice masses which have become stagnant 
* beneath the base of the moving glacier.
Each of these three types of till which are produced from arctic 
(cold-phase) glaciers, are derived from melting of various parts of 
a tens of metres thick debris zone within the ice (Boulton, 1971).
Temperate glaciers do not carry such thick debris laden zones, 
and thus much of the internal (englacial) transported debris is virtually 
absent. Consequently a thin debris sequence mostly composed of lodgement 
till is often the only deposit produced by the melting of temperate latitude 
glaciers. Occasionally, an eroded bedrock surface not covered by 
till may emerge from the snout of a temperate ice mass. Cold-phase 
glaciers, hov/ever, because of the greater thickness of debris-rich 
ice (Shaw,1977), frequently develop a till layer over the entire 
surface of the ice in the terminal area of the glacier as a result 
of melting of the upper parts of the debris zone. The accumulation 
of this (supraglacial) till layer inhibits the melting of the 
underlying ice. Thus, unlike the temperate glacier, in which melting 
ice can be seen at the snout, a broad area of stagnant till covered 
ice may occur, extending from several hundreds of metres to a few 
kilometres beyond the retreating active ice-margin of the glacier.
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With the case of the polar glacier, the melting process may produce 
each of the three types of till. The tills from such an ice sheet 
can readily be defined in terms of their mode of origin. The three 
groups of till may be considered to have been released either from 
melting of the upper parts of the glacier ice (supraglacial 
derivation) or deposited directly from the base or from the melting 
of the main body of the glacier (subglacial deposition). This 
distinction is important both from the point of view of the inherent 
properties of the deposited materials, and from the stratigraphic 
standpoint. Melt-out and lodgement tills, for example, when left 
lafter the retreat of a polar glacier, are considered to approximate 
{closely in thickness and elevation the representative horizons 
occupied by the zones from which- they were deposited from the parent 
glacier during the last phase of melting ( Boulton, 1971, Boulton 
and Dent, 1974).
From the engineering viewpoint the distinction between temperate and 
polar.glaciers is important only in that the thickness, texture and 
behaviour of the deposits produced by each type of glacier differ 
somewhat by virtue of the mode of origin. Thus, for example, over­
consolidated lodgement tills produced from temperate glaciers tend 
to be little thicker but more massively bedded than those associated 
with polar glaciers (Boulton, 1972). However, there may be no 
other "parent" till deposit in the areas glaciated by temperate 
glaciers, such that the lodgement till constitutes the entire deposit 
of the melting glacier. V/ith polar glaciers, hov/ever, a complete 
spectrum of flow, melt-out and lodgement till generally occurs 
(Boulton 1972, Derbyshire 1975, Boulton and Paul 1976, McGown and 
Derbyshire 1977).
The characteristics of the various types of till, whether they be 
associated with formation from polar or temperate glaciers, are 
determined by the process of deposition on melting. Two fundamentally 
different processes can be recognised - supraglacial and subglacial.
I. Supraglacial deposition - Flow Tills
V/ithin flow tills a further distinction can be made, in melting either 
in or below the surface debris covered zone overlying the main ice 
mass. Initial lowering of the glacier surface by ablation exposes 
prominent debris bands within the ice. These debris bands parallel 
the ice foliation planes (Shaw 1977, Boulton 1971,1972, Moran 1971, 
V/eertman,1961, Goldthwait 1951). Melting of this debris rich ice 
thus initially gives rise to thin sheet flows. These eventually 
cover the glacier surface with a skin of debris, which, once it has 
reached a thickness of 20 to 30 mm, has sufficiently slowed down the 
rate of further ablation that any till added beneath this zone stays 
in a highly saturated state, at or about the- liquid limit of the fine 
fraction comprising the till (Boulton and Paul, 1 9 7 6 ). At the 
maximum of summer ablation these saturated till sheets overlying the 
ice may reach 1 to 2 metres in total thickness (Boulton,1972), The 
till in this state is highly unstable and flows forward off the snout 
of the glacier,, into hollows both in the ice surface and in the 
exposed till topography in front of the ice.
The movement of this flow till on the glacier surface into areas of 
low relief gives, rise to marked variations in debris thickness over 
the ice. This significantlj'- affects the rate of further ablation 
and tends to produce a distinctly hummocky topography, often with 
considerable relief (frequently up to 30 metres) (Boulton 1972,
Gravenor and Kupsch 1959, Goldthwait 1951).
Beneath the flow till cover the process of melting takes a somewhat 
different form, in that melt-water exits via streams and tunnels 
through the ice in the early stages until a general melting of lumps 
of flov; till covered ice which have formed stagnant masses in the 
hummocky topography, takes place, often resulting in an inversion 
of the original topography (Boulton 1972). The depositional topography 
left after complete retreat of the ice is marked by ridges and hollows 
of till. The ridges generally consist of layers of flow till which 
accumulated during the early phases of melting, and the hollows are
formed in areas where a much thinner deposit of melt-out till has 
accumulated with the melting of the ice ridges (see Figure 34). 
However, based on data from Antarctic glaciers (Shaw 1977), other 
explanations of hummocky landforms are possible and thus the land-
form alone should not be considered as sufficient an indicator of
process and therefore of till/sediment type.
The process of melt-out till formation from the stagnant ice ridges
may occur without affecting the form of the flow till deposited 
between the ridges. This melting of the ice may allow some drainage 
and consolidation of the previously saturated flow till. However it 
has been reported that the readjustment of the topography is brought 
about mainly by continued flow of the saturated flow till into the 
hollows formed by the melting of the ice ridges (Boulton, 1972).
This melting of the ridges gives rise to a gentli' undulating relief, 
in which both flow and melt-out tills may be interbedded. As each 
of these till types have differing geotechnical characteristics, the 
evaluation of the type of till deposited is especially significant in 
evaluating the engineering behaviour of such a sequence.
The supraglacial flow till which forms in the frontal region of the 
ice comprises two parts, an upper (20 to 30 mm thick debris rich zone 
which- is exposed to subaerial erosion such as winnowing by the
wind, and a lower un-expos^d zone which may exceed two metres in 
thickness during the maximum of summer ablation. These tills have 
been observed to be subjected to three types of flow (Boulton 1971); 
a mobile liquid flow which occurs when the moisture content of the 
entire till is above or at about the liquid limit; a semi-plastic 
flow, when the moisture content is somewhat higher than the'plastic 
limit; and a process of gradual downslope creep, where the lower 
part of the till has a high enough moisture content, as the surface 
of the underlying ice is melting, to allow a freeze-thaw type of 
creep to take place. Such flows are akin to the solifluxion flows 
extensively analysed by McRoberts and Morgenstern (1974).
I.a) Liquid Flow
Flow till of a liquid form frequently occurs when melting has been
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rapid ana little drying-out of the subaerially exoosed till has 
occured. The flows of mud rarely exceed 200 mm in thickness and tend 
to consist of a well developed two layer stratification. The layers 
comprise an upper, stone free, fast moving zone through which boulders 
and cobbles' rapidly settle, and a slow moving, clast rich, lower 
element (see Figure 35).
Flows in excess of one metre per hour can occur in the upper part 
of these outflows (Boulton 1971). This often produces a well developed 
sorting by virtue of the release of v/ater in the surface layer of 
the till. The shape of the flow tends to be lobate with a marked " 
tongue-shaped elongation in the direction of flow. Stones within the 
body of the flow tend to be deposited with an imbricate structure 
such that blade shaped clasts tend to be lying near-horizontally with 
their long (a) axes aligned parallel to the direction of flow.
However, in the snout of some flows, the structure which has been 
observed (3oulton 1971) indicates that blade shaped clasts are aligned 
with their long axis oriented transverse to the flow and parallel to 
the snout margin. Such variations in insitu individual pebbie 
orientation, reinforce the use of the stereonet as an aid to identifying 
till fabrics, and hence till types.
‘ I.b) Semi-plastic Flow
Small scale slips frequently give rise to flowage of semi-solid till 
over the surface of frozen till or over glacier ice. Flow of this .
form usually develops from an initial arcuate shaped failure through 
the supraglacial debris, which, having failed, produces a slumped 
mass of supersaturated till which continues to flow downslope. 
Progressive failure of the back scarp of the slip continues to feed 
the debris flow while enlarging the area of instability. These slip 
induced flows are very common at the beginning of the summer melt, 
when pore pressure increases within the supraglacial till are most 
rapid. The rate at which such pore pressures can equalise by 
squeezing out the pore fluid from the thawed till above the thawed 
interface is dependent on the coefficient of consolidation, c^ 
(McRoberts and Morgenstern 1974). In identifying such flows in 
ancient glacial sediments, an understanding of the consolidation 
characteristics are therefore extremely important.
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FIGURE 35 GENERAL CHARACTERISTICS OF FLOW TILLS
Observations of actively moving semi-plastic flows indicate that, 
except at about the time of the initiation of the flow, just after the 
initial failure of the till debris, free surface water is not present. 
Thus, although the material generally is just saturated, with a 
moisture content of the fine fraction of somewhere between the liquid 
and plastic limits, some liquid flow may take place during the early 
phase in the upper parts of the flow. This gives rise to a pebble 
fabric and to a suite of geotechnical properties which are difficult 
to distinguish from a true liquid flow as discussed previously. 
However, identification is possible, as the interiors of the majority 
of these slip-induced flows show little sign of stratification. Some 
alignment of blade shaped stones may have been produced by the rapid 
longitudinal flow extension. In the main body of the flow, for 
example, the flat sides of the stones may be aligned parallel to the 
base of the flow, with their long (a) axes in the direction of 
flowage, as also occurs for liquid flows (see Figure 35).
I.c) Downslope Creep .
On many slopes in glacial terrain the supraglacial till cover is 
relatively stable and not currently undergoing liquid or semi-plastic 
flow.' In this state, field examination has shown that the till often 
consists of two distinct zones - an upper element exposed, to surface 
weathering which has been transported by flow from some other location, 
and a lower element derived from the local underlying ice anc which 
has not been exposed to subaerial degradation (Boulton 1971, MeGown 
and Derbyshire 1977) (see Figure 35).
Characteristically, the upper element of such flow tills shows - 
evidence of stratification, imbrication and clast alingment, and 
also frequently of washing of the surface. The lower element tends 
to be compact and unstratified. However, although these lower tills 
appear structureless when fresh, often in older deposits they have 
an imbricate structure, with aligned stones which are considered to 
have resulted from slow downslope creep of the material. The 
engineering properties of both zones of the till have also been 
found to be discernibly different, both by particle size distribution 
and by Atterberg limits (Boulton and Paul 1977).
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Sub-aerial drying and desiccation of the upper elements of flow tills 
occur relatively quickly following initial drainage of the upper part 
of the till. This process rapidly stabilizes the surface zone which 
thus tends to discourage further flow. However, if the underlying 
till remains sufficiently fluid to allow subsequent creep flow, the 
overlying dry, carpet-like crust may be transported downslope with 
shear stresses giving rise to the development of sets of slickensided 
shear planes within the matrix of the material composing the upper 
till crust.
II. Englacial and Subglacial Deposition
Subglacial depositional processes comprise two facets; true subglacial 
till production, where the till material is transported within and 
below the ice by subglacial action; and englacial till deposition, 
where the till is produced by melting out of the debris within the 
ice mass.
II.a) Englacial deposition - Melt-out Till
Slow melting of thick masses of debris-rich ice buried beneath supra- 
glacial flow till sediments often gives rise to tills which retain 
some elements of their original englacial (pre-melting ice/debris) 
structure. Such tills tend to be produced only above a melting ice 
surface or in stagnant bodies of ice, where there is a relatively 
thick superficial overburden cover of glacial outwash or supraglacial 
till which is sufficiently permeable to allow melt water to escape, 
but v;hich provides enough confining pressure to prevent the till, 
being released from the melting ice,from flowing off down the glacier 
surface as a flow till (Boulton 1970, 1970a, Boulton and Paul 1976).
Frequently, therefore, many outwash and supraglacial sediments can 
be found which grade down into melt-out tills in areas of hummocky 
till or till plains (Boulton 1972, Fookes, Gordon and Higginbottom, 
1975), but this gradation does not occur beneath flat-lying outwash 
areas where lacustrine and fluvial sedimentation have predominated 
(Boulton 1972, McGown and Derbyshire 1977). Nevertheless, melt-out 
tills may be produced at considerable depth below such fluvio- 
lacustrine deposits as a result of melting of buried ice-cores. This
process can give rise to clearly delineated till zones in the sequence 
underlying the sedimentary deposits (see Figures 33 and 34).
welt-out tills are thus partly supraglacial in origin, and partly 
subglacial, for they may be produced from beneath stationary ice 
which is melting at the base. However, they are not generated from 
below active ice, wherein there is constant shearing and comminution 
taking place (Boulton, Dent and Morris 1974, Weertman 196V, Moran 
1971, Shaw 1977). The typical melt-out structure, therefore, is 
one of gentle slump-type collapse of the ice/dirt foliation structure 
of the glacier, giving rise to an alignment of stones within the till 
at a shallower angle than existed when frozen in the ice. The 
resultant dip of the stones in the till has been found by measurement 
to be governed by the percentage debris,by volume,which was in the 
original ice, together with the ice-foliation dip (<*) (Boulton 1971, 
Kills 1977, Shaw 1977, MeGown and Derbyshire 1977). The dip (0) of 
the stones in the till has been found (Boulton 1971) to be approximatel 
linearly related to the debris rice percentage (x) of the original 
glacier prior to melting? ’
• 9 = tan ( x .tan*'
100
and,as the fabric of the stones in most modern melt-out tills has 
been observed to develop with consistent dips from glaciers with high 
foliation angles (o6S 45°), a ready comparison of the original ice 
content of the till at melting is possible from detailed examination 
of the angle of the stones in the matrix fabric of the melt-out till. 
Such examinations, together with determination of the insitu moisture 
content and the dry density of the till, may serve as useful indicators 
to determine initial overburden stresses and to aid in grouping tills 
of the same age and origin for geotechnical purposes.
As a result of the depositional process of slow melting beneath a 
stable thick overburden pressure, these melt-out tills often drain 
slowly and thus the effective stress acting on them remains low 
throughout their genesis. Frequently, therefore, melt-out tills are 
normally consolidated or only slightly overconsolidated when they are 
eventually exposed to the atmosphere, and thus they tend to be softer 
than other types of till (Boulton and Paul 1976). They are almost
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always devoid of jointing and generally have a characteristic 
overall uniformity of structure which mirrors the original glacial 
foliation (Boulton 1971, 1972). This fabric, however, is readily 
distinguishable from the fabric of the subglacial lodgement tills 
(MeGown and Derbyshire 1977, Boulton 1972).
Many of the British and North American Pleistocene glacial deposits have 
been observed to be uniform, featureless and haphazard.. These materials, 
often termed "boulder clays", may in fact represent a sequence of melt- 
out tills, which if examined closely can often be found to grade 
downwards into a zone of overconsolidated lodgement till, and upwards 
into a blanket of flow till or fluvioglacial sediments as illustrated 
on Figure 33. As such tills have been encountered frequently in site 
investigations, a great deal of information on the properties of such 
tills is available. Classification of their geotechnical properties in 
terms of their assumed mode of origin becomes practicable by reference 
to published sources (e.g. Sauer 1974, Radhakrishna and Klym 1974, 
Mulholland 1976 and many other papers which do not differentiate till 
types, but for which data on site location is known).
II.b) Subglacial deposition -  Lodgement Till
The lowest part of the englacial debris load consists of comminuted 
rock flour derived from the softer rocks being transported by the ice, 
and hard, rounded and striated cobbles and in some case boulders 
derived from the harder rocks (Dreimanis and Vagners 1972). The 
ice: debris ratio is generally low with a high concentration of suspended 
sediment being present within the ice, notably near the base of the 
glacier (Boulton 1971).
The type and thickness of basal or lodgement till left when a glacier 
retreats is dependant on the glacier temperature. A 'temperate*
glacier, like those in the Alps and Rocky Mountains, tends to leave a 
relatively thin debris sequence sometimes only comprising a single thickness of
lodgement till covered only in parts by outwash deposits. A 'cold*
glacier on the other hand tends to be structurally nore complicated 
with some parts of the base of the ice frozen to the substratum over 
which the ice is passing (Weertraan 1961). Other areas of the ice
exhibit shearing and dislocation. Some schools of thought (e.g.
Harrison 1957) attribute such shear motion to be responsible for 
creating the discrete dirt bands which outcrop on the surface of the 
ice and give rise to much of the flow till that covers the margins '
of most of the Spitzbergen and Greenland glaciers (see also 
Goldthwait 1951, Boulton 1972).
The origin of the so called 'shear planes' which are attributed to give 
rise to the production of the dirt bands and hence of the flow tills in 
the snout region of many glaciers is unclear as is the development of 
foliation within the ice (Paterson 1969, p27). However, as foliation 
is observed in areas of high stress in fresh ice away from the snout of 
the glacier, it is expected to be more or less ubiquitous throughout 
most of the basal zone of the ice mass and not just in the immediate 
area of the ice margin where inclined dirt bands (shear planes) have 
been noted. Furthermore, as the stresses and controls within the ice 
that give rise to the formation of the foliation are present wherever 
the ice is undergoing shear, such stresses ar« considered critical to 
forming the fabric within the tills derived from the debris load of 
the glacier, • ,
Observations of foliation within glacier ice suggest that it comprises 
a series of alternating planar layers of clear and .bubbly ice or 
sometimes of fine grained and coarse ice. Each layer' may be only a 
few centimetres wide, but the pattern is repeated many times.
Although it is possible that such foliation represents planes of 
active shearing within the ice, the origin of the features still 
remains obscure. Field observations of the pattern of foliation 
planes evident in the ablation zone of the snout of many glaciers 
indicated that they dip up-glacier such that individual foliation 
planes in three dimensions form one of a series of 'nested spoons' 
which in plan on the surface of the ice form concentric arcs, concave 
in a direction up-glacier, and conformable with the pattern of 
crevasses often seen on the ice surface in such regions.
Deatiled examination of ice from the immediate area of such foliation 
planes and from glacier ice in general, indicates that individual ice 
crystals in actively shearing ice become realigned in a complex manner
due to shear. Instead of the basal planes of the hexagonally shaped 
ice crystals all becoming aligned parallel to the local shear/ 
foliation planes within the ice, individual ice crystals are 
preferentially oriented to three or four directions, each somewhat 
divergent from true parallelism to the shear plane. This complex 
pattern can be clearly indicated from stereonet plots of the 
orientations of the 'c'axis of individual ice crystals (see Figure 36). 
Such plots can be produced from thin section examination of slices 
of ice which have been mounted on a universal stage and studied under 
crossed nicol prisms in the polarizing microscope.
In the laboratory usually a single 'c'axis maximum is produced by
shear of a small sample of ice. Few field observations indicate such 
simple patterns. Instead, as shown on Figure 36, several concentrations 
occur with at least one set of axes corresponding more or less to the
pole to the plane of shear, while generally one of the other dominant
'c'axis trends develops transverse to the shear plane orientation. The 
fact that patterns with three or four maxima have never been produced 
in the laboratory either by applying or removing stress is indicative 
that such patterns are not the result of recrystallization after 
alteration of stress. They are therefore considered diagnostic of 
the true internal active stress state in the glacier ice. Moreover 
as the strongest fabric patterns occur near the glacier bed, where 
stresses are large, it is suggested that such patterns result from 
reorientation of the fabric of the ice due to local active stress 
conditions.
Furthermore, this influence of ice flow velocity coupled with the 
effect of depth of freezing of the bedrock on the magnitude of the 
stresses prevailing at the base of the glacier is considered of 
importance to the process of till formation. It is thought that the 
stress patterns in the debris rich basal ice are instrumental in 
creating the fabric of the till material either within the ice or 
as it is being deposited at the sole of the glacier.
Recent research observations beneath modern glaciers have indicated 
that deposition of subglacial lodgement till occurs when the tractive 
force exerted by the ice is exceeded by the shearing resistance
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provided by the bed, which once lodgement has been initiated tends 
to further increase due to the asperities created on the shearing 
surface (Boulton 1971, Boulton, Dent and Morris 1974). Thus in an 
analagous manner to shearing along a rough rock joint surface, 
abrasion and comminution of the till material lodged against the 
bedrock contines to take place while deposition is occurring in the 
lee of any obstruction such as boulders and knobs of rock protuding 
from the bedrock. The increased frictional resistance generated by 
■lodgement deposition then gives rise to thick till deposits down­
stream of the zone in which the ice thrust and bed shear are balanced. 
This zone has been suggested to occur at or near the point at which 
the basal ice becomes unfrozen from the bedrock (Weertman 1961,
Nobles and Weertman 1971), although evidence to date has not yet 
been forthcoming to prove this.
Two processes of basal till formation have been recognised to date 
from modern glaciers in the debris rich ice contact zone along the 
ice-bedrock boundary. The two processes are (i) deposition of till 
as a result of pressure induced melting of the basal part of the ice 
particularly as it passes over bedrock obstructions (Nobles and .
Weertman 1971), and (ii) slow melting out of till from debris rich 
ice which has become stagnant beneath the active glacier.
II.b (i) Lodgement till of pressure melt origin
Accumulation of fresh till plastered onto the surface of the bedrock, 
notably in areas on the upstream side of bedrock obstructions, is 
thought to be produced by the process of pressure melting.- Part of 
the till being carried along at the glacier/bedrock interface infills 
the many crevaces and irregularities in the bedrock. However, such 
infills of till constitute only a small percentage of the total till 
deposition. Most occurs as a thin veneer plastered so permanently 
onto the substratum that it becomes striated or even fluted by the 
passage of its parent glacier.(Hoppe and Schytt 1953, Gravenor and 
Meneley 1958).
Furthermore the numerous asperities in the till surface which have
resulted from deposition in the lee of ridges in the bedrock surface 
now tend to create an environment in which further pressure melting 
and consolidation of till takes place (Nobles and Weertman 1971).
Each additional till layer which is plastered onto the basal till 
has been found to exhibit a fabric within which blade shaped stones 
have their long axes aligned nearly horizontal and parallel to the 
direction of ice flow. The underlying till, however, during this 
process of addition of thin layers of new till is partially deformed 
by shearing and partly by consolidation, such that the stones within 
it rotate so that the long axes of blade shaped stones dip up-glacier 
i.e. towards the direction from which the ice is being transported 
(Boulton 1971, Ramsden and Westgate 1971, Glen et al 1957).
By continued addition of sheets of till, extensive areas of planar 
lodgement till can be laid down, the whole deposit being characterised 
by a well developed low angle up-glacier clast-fabric (Evenson 1971).
At each of the pressure melting skins on which shearing had taken 
place, a zone of blade shaped stones have often been found which 
exhibit strong parallelism (Boulton 1971, Ramsden and Westgate 1971). 
Such zones of clast parallelism can give rise to a well developed 
anisotropy in the till fabric and hence in the geotechnical properties 
of the till material.
Based on Antarctic experience, a completely different method for the 
development of up-glacier fabric can be postulated (Shaw 1977). At 
the snout of many of the cliff-like Antarctic glaciers, deposition of 
a fan of debris occurs by melting of the frontal wall and accumulation 
of supraglacial debris (see Figure 37).With advance of the ice wall,, 
the fan of material is continuously overridden, thereby incorporating 
the debris fan into the basal zone of the glacier. Eventually a 
balance is created between new debris fan development (governed by 
supraglacial accumulation rates) and ice advance. Once such a 
balance is in effect the attitude of the bedding within the incorporated 
debris rich ice becomes more or less constant and at a prevailing 
up-glacier dip as shown in the sequence of diagrams in the lower 
half of Figure 37.
This postulated method for the origin of till fabric differs
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significantly from the generally advocated theories based on 
observation of northern latitude glaciers.
Essentially three groups of theories have been proposed for northern 
glaciers which will account for not only the alignment in plan of 
clasts within the till fabric but which will also explain the 
prevalent up-glacier dip of such clasts. Evenson (1971) provides an 
excellent summary of these three hypotheses: alignment indirectly by 
ice shear; orientation as a result of bed slope; and/or orientation 
directly by till shear. Boulton (1971, 1972) givey examples of 
active till deposition, while Boulton et al (1974) and Boulton (1970a) 
discuss the processes by which the characteristics of the lodgement 
tills differ within various zones exposed at the snouts of the 
Breidamerkurjokull and Nordenskioldbreen glaciers in Iceland and 
Spitzbergen. In general, current thinking favours till-shear as the 
most likely process for generating the fabrics evident in lodgement 
tills. However, based on the Antarctic observations, debris 
incorporation could also play a significant part in lodgement till 
deposition in cold phase glaciers.
From examination of the tills being exposed at the snout of temperate 
glaciers, the till deposits have been noted to exhibit two distinctly 
different zones. These zones comprise an upper relatively open 
structured zone which, on exposure from beneath the melting glacier 
snout initially exhibits high moisture contents and void ratios; and 
a lower zone comprising dense lodgement till within which clasts are 
strongly aligned and for which fabric patterns are characteristic of 
lodgement till. It has been suggested (Boulton 1970a, Boulton et al
1974) that the upper, open structured zone of such tills has resulted 
from remoulding during the process of ice retreat. The depth of such 
remoulding is assumed to be governed primarily by the effective 
normal stress imposed on the already deposited till by the retreating 
ice mass, the basal shear stress having been measured from several 
places to be more or less independent of ice thickness. A typical 
two layer lodgement till sequence is shown in Figure 38.
This concept of remoulding assumes that there is a limiting normal 
stress above which shearing occurs without dilation, whilst below
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this stress level, significant dilation of the sheared zone occurs. 
However, even for the open structured surficial zone of the lodgement 
tills identified at these sites, the general original process of till 
accretion beneath the ice is still considered to be by pressure 
melting.
II. b (ii) Lodgement till of stagnant ice melt origin
In addition to the formation of lodgement till entirely by pressure 
melting at the glacier sole, it has been recognised that till 
deposition can occur from the base of active ice when the glacier 
flow in a particular zone is impeded by bedrock obstructions or by 
other constrictions. Under such circumstances, the basal debris-rich 
ice which is more viscous than the cleaner, overlying ice at higher 
l e v e l s c a n  become essentially stagnant. Furthermore, because of 
variations in insitu ice pressure, significant pressure gradients 
which lead to the formation of imbricate 'up-glacier' dipping shear 
zones can. develop in the basal debris-rich ice (Gravenor and 
Meneley 1958, Evenson 1971) (see Figures 33 and 34).
Nevertheless, despite the development of such shearing, a clear 
demarcation can be seen between the highly sheared, semi-stagnant 
basal ice and the cleaner overlying ice which is still being 
plastically deformed (Goldthwait 1951, Boulton 1971). It is not 
surprising, then, that the tills produced from such areas of basal 
ice which have become semi-stagnant show facets both of the highly 
sheared basal ice component and of the plastic flow englacial ice 
(see Figure 33).
The lodgement tills produced from such stagnation zones in active 
ice, therefore, are not generally as compact as those considered to 
be of pressure melt origin (Boulton, 1970), although overconsolidation 
ratios are expected to remain relatively high. The tills which will 
show most overconsolidation when constant ice thickness and basal 
pore pressure are assumed, occur where glacier overriding has realigned 
both the till fabric and the basal shear planes to be parallel to 
one another with blade shaped stone particles being oriented with 
their flat surfaces: parallel to the .shear planes. In areas v/here
both shear and normal, stresses acting on the tills at the base of 
the ice allowed the englacial structure of the till to remain, by 
reason of for example high pore pressures reducing the overall 
effective stress, a strong transverse imbrication of the stones in 
the lodged till is evident. However, in most field exposures it 
has been found that these two variations of lodgement till occur 
together in an apparently haphazard fashion, suggesting that within 
the basal ice zone some areas were being subjected to higher shear 
and effective normal stresses than other areas.
Thus it appears from field evidence that lodgement tills produced 
from stagnant ice areas within active ice masses may be discerned 
from those produced by pressure melt by their generally less ordered 
structure, lack of strongly developed shear planes, weak transverse 
fabric and somewhat lower bulk densities and void ratios.
XI.b (iii) Lodgement till —  characteristic landforms
Although the processes of deposition of lodgement till beneath 
temperate and polar (cold phase) glaciers may differ (Boulton 1972,
Shaw 1977), and although up to seven different hypotheses have been 
put forward to explain the fabric, structure and morphology of 
lodgement till (Evenson 1971), certain characteristic landforms are 
generally agreed to have been produced by glacial over-riding, a
necessary pre-requisite to achieve the degree of consolidation 
characteristic of lodgement till.
An indicator of the presence of ancient lodgement till can often, 
therefore,, be inferred from the location of particular landforms, 
such as drumlins and areas of fluted moraine.. However, many of 
these features that can be observed in areas of ancient glaciations 
may not be entirely primary.in origin. Areas of previously deposited 
materials may be subsequently overridden by a re-advance of the same . 
ice sheet or by a second glaciation by another ice sheet. Surges 
or pulsations of glacier ice are well documented (Rutter 1969,
Paterson 1969, Embleton and King 1968). Such surges can give rise 
both to formation of push moraines as a result of ice ploughing up 
old debris, and also to significant over-riding of previously 
deposited till and outwash materials. In such situations in the
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most extreme cases, the landforms so created could comprise an outer 
shell of lodgement till enclosing an inner, much more complex 
fluvioglacial core. Nevertheless, many of the characteristic land- 
forras that can be wholly composed of lodgement* till, if primary in 
origin, usually contain such a significant percentage of lodgement 
till that the landforra is frequently enough of an indicator to 
suspect the presence of heavily overconsolidated till at least in 
the outer shell. Many such characteristic landforms are included 
on Figure 39.
Flutes
Fluted moraines have been observed in the vicinity of modern 
Scandinavian glaciers since the 1890's. They have not been studied 
extensively, although what work has been done has consolidated 
opinions on their origin. The two explanations which have most 
favour are those relating to the formation of the parallel ridges 
or flutes either by some form of deposition, such that till is 
moulded into ridges, or alternatively the flutes are produced by 
erosion such that already deposited (lodged) till is scoured in 
some way by the ice to produce furrows which leave the upstanding 
ridges or flutes (Hoppe and Schytt 1953).
The depositional theory that the ridges are formed by debris being 
pressed up into channels and cavities in the ice has the most 
prominence, based on actual glacial observations. The evidence 
suggests that such ridges and flutes often terminate at a boulder 
fixed into the surface of the moraine. There are a number of 
observations of modern glaciers which suggest that if the ice is 
not very thick, long channels occur in the ice in the lee of such 
boulders. Where the ice pressure is greater due to greater 
thickness such cavities are smaller, but still in evidence (Boulton 
1971, Boulton, Dent and Morris 1974). •
Characteristically the flutes are composed of till which is ridged 
into elongate mounds some 10 cm to 1 metre in height, the distance 
between adjacent parallel ridges being of the order of 1 to 3 metres. 
The ridges when formed, based on the observations of Hoppe and 
Schytt,1953, exhibit a high ice content and are composed almost
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ORIGIN INCLUDING MANY FEATURES COMPRISING 
LODGEMENT TILL (After Boulton and Paul, 1977).
entirely of till of fine grain size (nearly all rock flour). It is 
considered that, because of the frozen ground moraine evident at the 
sites where ridges have been identified, and because the debris on 
the ridges is essentially unsorted till, the material has been 
deformed by flow under saturated conditions resulting from ice 
pressure melting. The observed patterns of regular spaced parallel 
ridges extending outwards from the glacier snout (see Figure 40) have 
been suggested by Shaw (1977) to result from secondary flow cells 
in the basal part of the glacier, an origin which is broadly in 
keeping v/ith the think-L’ng of Nobles and Weertman 1971, and may 
partially explain the formation of other elongate forms such as 
drumlins (Smalley and Unwin 1968).
Boulton, Dent and Morris, 1974, noted that the flutings and other 
small scale features occur entirely within an upper high (0.68) 
void ratio layer which overlies a much denser, more compact 0.38 
void ratio till^(see Figure3&). The formation of the two layers as 
discussed previously (see section Ilb(i)) is considered to result 
from remoulding of the till during glacial retreat, the original 
lodgement till properties only being preserved in the lowermost 
layers. This suggests that the process by which striated and 
fluted moraines are produced are late stage events in the formation 
of the tills, a factor which is in accordance with the hypotheses 
regarding both terminal moraines and drumlin fields.
Drumlins
It is generally considered that drumlins are produced only within 
certain effective stress ranges. Assuming constant pore pressure , 
conditions across the substrata over which the.ice is passing, 
three stress ranges can be defined in terms of distance from the 
glacier snout (see Figure 41). The three stress zones can be related 
to the effective strength of the deposited till.
Within flat bedrock areas where the effective stress due to the ice 
exceeds the peak strength of the deposited material, although the ice may 
deposit sheared and comminuted lodgement till at its base, no characteris­
tic landforms are created. At the snout of the glacier, the effective 
stress due to the ice surcharge is significantly diminished both by 
ablation of the ice itself reducing the normal stress and by the
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FIGURE 40 FLUTED LODGEMENT TILL STRUCTURE AS INDICATED BY 
TRENCHING IN FRONT OF THE ISFALL GLACIER,
KEBNEKAJSE IN LAPLAND (After Hoppe and Schytt, 1953).
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buildup of high pore ;:rescures in the deposited bills cue to pressure 
melting of the ice. The effective stress in this area is generally 
assumed to he approximately /he same as or somewhat less thin the 
remoulded strength ox the previously vdeposited till. The stress 
conditions are such that till in this area will be locally remoulded 
to a depth consistent with the balance of effective stresses,as, 
v/ithin a semi-plastic material, such as till, the maqnitv.de of the 
shearing stress imposed by the ice will attenuate downwards. At 
some depth below the glacier sole, the shear stress will decrease 
sufficiently that,for a particular till with .certain friction and 
cohesive properties,dilatation and shear failure of the till cannot 
occur as the normal effective stress exceeds the deforming stresses 
acting on the particular till in accordance v/ith the hohr-Coulomb 
criterion;
i.e. a" =s (<s — u ) ^ " £ - c ln n.   -
tanj0*
where is the effective normal stress acting on the till
is the normal stress imposed by the ice
U. is the pore pressure generated in the substrata
and in the deposited till
X» is the basal shear stress along the ice-bed
contact zone
• and 0' and a' are the frictional and cohesive properties of 
the till. .
Thun it is v/ithin this range that fluted moraines may be nevelooed 
on the surface of pre-existing till. End moraines also may occur 
where material is .just dumped by the retreat of-the meitiny' ice
(see Figures 33 and 41).
With imposed effective stresses spanning the range of pressures 
corresponding to the range from the peak to the residual shear 
strength of the till ( defined as the stresses at which hohr-Coulomb 
failure occurs for the material in both states), then deformation of 
the till is at its maximum and many tills are deformed plastically 
throughout the course of unloading. Failure of the more plastic 
clay tills under such shearing strains will take place in a complex 
fashion involving the development of discrete shear planes and a 
general reordering of the matrix due to shearing and dilation.
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FIGURE 41 INFERRED CRITICAL STRESS REGIONS IN SNOUT ZONE OF 
GLACIER (After Smaltey and Unwin, 1968).
Mon-brittle sandy clay tills, however, will tend to dilate 
significantly with increasing shear strain. (Vaughan and Walbancke
1975), thus giving rise to bulging of the tills and reordering of 
the internal structure.without the development of shear surfaces 
which readily release the strain energy. The fact that most 
lodgement tills possess higher clay contents than melt-out tills 
from the same parent material and also that such lodgement tills in 
general exhibit low angle shear fissures is indicative of their 
higher plasticity and more brittle behaviour.
Within the stress range for which shearing of the till is accompanied 
by dilation and deformation as a result of glacial unloading to 
below the stress level necessary to induce failure at peak shear 
strength, evidence suggests that development of significant pressure 
perturbations tends to occur in the flow pattern of the ice-till 
composite medium, probably as a result of adjustments to those- till 
deformations that have occured due to shear. Such pressure 
perturbations form a significant control to till deposition in giving 
rise to the development of wave forms both in the basal ice and in 
the underlying, sediment in much the same way that ripples and dunes . 
form and grow in size beneath flowing water when the shearing stress 
applied to the sediment bed is within certain well defined limits*
Thus current thinking is that drumlins form under certain critical 
stress conditions imposed by the ice mass (see Figure 41). The
material comprising the drumlins may not be entirely till, but that 
which is till is generally somewhat overconsolidated, of relatively 
high clay content, exhibits some degree of brittle behaviour and high 
plasticity"and is invariably fissured.. Adjacent true melt-out tills 
derived from the same parent, rock materials characteristically are 
not so fine grained and tend to be sandy clays in composition which 
exhibit characteristically low brittleness in both drained and 
undrained shear*. .
Gravenor (1953) has indicated some essential properties of drumlins, 
all of which would appear to be satisfied by the above process of 
formation. These arei-
(i) Drumlins may consist of a variety of materials
(ii) They may contain stratified material that is faulted 
or folded and lamination may be present
(iii) Rock and till drumlins have the same shape and occur 
in the same "drumlin fields" (see Figure 42)
(iv) Many glaciated areas do not have drumlins 
(v) Drumlins tend to occur in "fieldd* which are wider than 
most moraines and they rarely occur singly 
(vi) All drumlins have a streamlined shape and many exhibit 
a blunt end pointing up-glacier. The axis of the 
drumlin is aligned parallel to the ice-flow direction 
(vii) Some drumlins may have rock cores but most do not 
(viii) Drumlins are found nearer to the ice source than end 
moraines.
In addition, as. a certain critical effective stress range is considered 
essential to the formation of" drumlins, and the likelihood that such 
a stress range is only produced on pressure melting of the basal zone 
of the glacier giving rise to sufficiently high pore pressures in 
the deposited till, it has been suggested (Smalley and Unwin 1968) that 
drumlins are only found under 'temperate' glaciers. This is based on 
the work of Nye (1952,. 1965), which suggests that temperate glaciers 
slip on their bed, whilst polar (cold phase) glaciers tend to stick 
to their- bed . (Weertman 1961, Paterson 1969, Shaw 1977).
This definition of the term 'temperate' due to Ahlmann, 1935 (see 
Paterson 1969 p7) is in the author's opinion far from satisfactory as 
it can be readily illustrated that due to varying stresses in the ice 
the position of the 0°C isotherm with respect to the bed of the 
glacier varies markedly over the total travel path of the ice. The 
fact that extensive Pleistocene permafrost zones are known to have 
existed in front of the snout of the furthest reaching ice suggests 
that the immediate marginal zone of the ice, at the time of its 
final downwasting, is essentially a 'cold phase or polar' glacier, 
with ice probably frozen to the substrata, whilst further back into 
the ice sheet'where active forward motion is ongoing and pressure 
melting is occuring at the base, the same glacier is ’temperate1 
by definition (see Figure 43)-
(b) Ice Contact and Disintegration Deposits
The range of glacial deposits that can be considered to constitute 
ice contact materials, spans the complete suite of waterborne sediments
DIRECTION OF ICE ADVANCE
FIGURE 42 SOME STREAMLINED GLACIAL LANDFORMS 
(After Davis, 1969).
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FIGURE 43 TEMPERATURE CONDITIONS IN THE SNOUT AREA OF A
TYPICAL CONTINENTAL GLACIER (After Weertman, 1961).
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through to interdigitated waterborne sediments and till suites. Many 
ice contact stratified drift deposits have in the past been assumed 
to be subglacial in origin, and indeed many mounds comprised essent­
ially of supraglacially deposited fluvioglacial drift have erroneously 
been termed end moraines or push moraines because of their topographic 
form, faulted internal structure and general morphology (Boulton, 1972).
The existing nomenclature for ice contact deposits, as with some of 
the till terminology that was discussed earlier, comprises terms 
coined by geomorphologists to identify topographic features. The 
two principal terms used for the description of ice contact features 
are eskers and kames (Flint 1971, Davies 1969). The former are 
described as sharp crested, often sinuous, ridges trending normal to 
the ice flow. The latter are taken to be mound shaped, flat topped 
features scattered in front of the ice front or to have formed as 
terraces along a valley glacier side in close proximity to the lateral 
moraine of the valley glacier (see Figures 34 and 39).
In the active margin of a glacier the process by which fluvioglacial 
and supraglacial deposition occur are closely related. So much so 
in fact that ice contact stratified deposits of melt-water origin 
may merge laterally and vertically into flow tills. Furthermore 
many of the features characteristic of moraines are evident in ice 
contact deposits, as frequently the topographic form of the present 
deposits has originated as a result of collapse of an ice-cored 
outwash ridge (Boulton 1972).
Traditionally esker deposits have not been considered to have 
formed supraglacially, while kame deposits are generally attributed 
to a supraglacial origin. Despite the topographic variation of 
such deposits.found in ice contact areas, they do share one feature 
in common. The sediments which compose the ice contact features 
differ from those found in pure outwash deposits by exhibiting both 
a greater range of grain size and a marked degree of variability in 
composition together with abrupt changes frequently occurring Detween 
coarse and fine grained materials within the same deposit. Ice 
contact deposits are also characterised by their frequent inclusions 
of till and their general haphazard sedimentary bedding and 
faulting, which is generally produced by collapse of the material
subsequent to melting of any ice core or ice support, rather than
by active ice pushing (Davies 1969, McKenzie 1969).
Many variations occur between the composition of the deposits which 
are formed supraglacially, from those deposited englacially or 
subglacially. Boulton (1972) has attempted to list the various 
types of deposits and their topographic expression and orientation 
with respect to the ice front. The table produced by Boulton is
presented in a modified form in Table 6  .
I. Supraglacial Deposition
The origin of most of the features that are considered by the author 
to be supraglacially formed, based principally on the works of 
Boulton (1970, 1970a and 1972) and Shaw (1977) has been a question 
of much debate in the literature. Many of the ridge and mound-like 
features that occur in areas considered to represent the zone of 
stagnant ice disintegration (Gravenor and Kupsch 1959) have been 
assigned different modes of origin by various workers. The same 
features have been considered to be formed by such diverging views 
as squeezing up of plastic lodgement type till from the glacier bed 
along crevaces as opposed to letting down of supraglacial flow till 
(previously termed ablation till) along the same type of crevaces 
onto the bed (see Figure 44).
One of the most common Pleistocene glacial sequences comprises an 
upper till which frequently exhibits a washed appearance near the 
top overlying a sequence of stratified sediments which in turn 
overlie another till deposit which is in contact with the bedrock. 
Such sequences have frequently led to stratigraphic considerations 
of readvance of the ice to form the uppermost till, hence giving 
rise to the faulting and disturbed folding frequently found in the 
sands and gravels of the stratified sediments.
The engineering significance of such a readvance hypothesis is 
important in that if such an event had occured the sediments lower 
down in the stratigraphic pile would show the effect of sub-aerial 
exposure and possibly also the effects of significant shearing and
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FIGURE 44 SUGGESTED MODES OF ORIGIN FOR ICE DISINTEGRATION 
RIDGE-LIKE FEATURES.
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remoulding which would give rise to markedly different engineering 
properties, particularly of the fine fraction, than might result 
from freshly deposited material. '
In the opinion of the author, one of the most important observations 
of recent glaciological research has been to indicate that the 
composition and nature of this common three part sequence can be 
produced within the marginal zone of a glacier during one retreat; 
the lower till essentially comprising the remnants of the actual ice 
deposition and the upper till and the stratified sediments representing 
deposits formed supraglacially over and between ridges of stagnant 
ice at the glacier snout (Boulton 1972). In many cases the lower 
till will comprise not only a lower lodgement unit deposited actively 
beneath the ice during glacial advance but a melt-out till which was 
deposited from the stagnant ice mass whilst the ice was covered by 
supraglacial flow till and/or sediments.
The range of deposits, most of which are supraglacial in origin and 
which may form in the area of disintegrating stagnant ice in front of 
a re-treating glacier have been classified by Gravenor and Kupsch (1959) 
into "uncontrolled" and "controlled" features depending on whether 
they are aligned not only with respect to identifiable subglacial 
features (fluted moraines or drumlins) but also with respect to the 
inferred terminal or end moraine of the glacier.
End moraines and transverse ridges
Considerable judgement is required to identify true end moraines in 
view of the complexity of deposits which can be produced supraglacially 
over wide areas in front of the snout of a retreating glacier. The 
current consensus of opinion is that true end moraines occur as 
clearly defined,often lobate, ridges composed largely of till which . 
has melted out supraglacially from the dirt bands, evident within the 
snout of the glacier. Little, if any, lodgement till is pushed up 
into the moraine, although in some cases, some of the larger more 
classic so called end moraines may contain not only mounds of flow 
till, but also thick deposits of lodgement till which have been 
pushed into ridges at the snout of the glacier. Even more spectacular, 
in areas of weak or highly stratified or fissured bedrock, some of
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the larger sized terminal/end moraines may comprise thrust ridges of 
deformed bedrock (Kupsch 19S2).
Such thrust ridges have generally been found to occur in the terminal 
zone of the glacier under thin ice cover such that the normal stress 
imposed by the ablating and thus thinning glacial ice mass on the 
glacier bed is significantly less than the shear stress imposed by 
the still moving ice at the base of the glacier. The development 
of shearing and thrusting within the bedrock beneath the ice or at 
the base of already deposited lodgement till depends on the temperature 
of the substrata and ice with respect to the pressure^melting point.
If the ice thickness in conjunction with the rate of flow of the ice 
at the glacier bed are not together sufficient to generate enough 
heat to raise the temperature of the substrata and ice at the glacier 
sole to the pressure melting point (-1.6°C), then the ice becomes 
frozen to the bed and thrusting or shearing will tend to occur at 
the base of the frozen bed zone (i.e. at the depth at which the 
pressure melting point -is reached due to the natural geothermal 
gradient in the substrata) (see Figure 43).
Kupsch (1962) in his classic paper on such ice thrusting refers also 
to earlier work by Mathews and MacKay (1960) which suggests that the 
zone of lowest shear strength lies immediately at the base of the 
frozen glacier bed at the elevation where significant pore pressures 
can develop. The effect of such sub-glacial water pressures on the 
relative effectiveness of shearing was also considered important by 
Weertman (1961) in his appraisal of the incorporation of rafts of 
bedrock or dirt bands into the basal ice in the terminal zone of the 
glacier.
On the basis of the observations of modern glaciers it is thus . 
considered significant that most, if not all, of the major features 
identified in the ice contact marginal zone are principally 
supraglacial in origin and only rarely are the conspicuous ridges 
produced in such regions the result of subglacial, active ice processes.
The topographically distinctive features of ice margins in addition 
to being composed essentially of flow till, also contain a considerable 
number of contorted inclusions of stratified drift resulting from
outwash produced by meltwater streams flowing both within and below 
the ice and from streams flowing off the top of and from around the 
margin of the ice snout, as shown on Figure 39.
The ridge-like features oriented normal to the direction of ice retreat 
that occur in the marginal zone of many polar glaciers have been found 
to be formed almost exclusively of ice cores covered with a thin skin 
of supraglacial flow till (Boulton 1972). On melting of such 
transverse oriented ridges, a reversal in the topography of. the ice 
front zone occurs such that the hollows between the ridges in which 
fluvioglacial outwash sediments and supraglacial flow till have been 
accumulating become the ridges, while the ridges become the hollows. 
Such features are commonplace and, although often confused with end 
moraine ridges, are nothing more than the products of proglacial 
depositional processes.
Kettles and kames
Other than the transverse ridges of material formed in the immediate 
marginal zone of the ice front, plateaux and knob-like features called 
kames and small depressions known as kettles are also common (Gravenor 
and Kupsch, 1959). The plateaux are often capped by clayey till or by 
a mixture of materials with laminated clays and silts lm to 3m thick 
forming the top of the features.
In many valley areas, where marginal meltwater streams have developed, 
deposition of sediments has occured supraglacially in contact with 
the ice. Such sedimentary deposits have been termed kame terraces 
see Figure 45). The fluvioglacial sediments comprising such terraces 
may partially be covered with supraglacial flow till originating from 
the ice snout. On melting of the glacier ice and retreat of the ice 
snout past such kame terraces, collapse of the landform may occur, 
resulting in internal faulting and slumping of the bedded sediments 
and reactivation of flowage of the supraglacially deposited flow till 
(see Figure 35 ).
In general, small kame knobs found at the glacier snout are roughly 
circular but they can be elongate or irregular in plan (McKenzie 1969)'. 
The kettle holes set amid such hummocks occasionally exhibit till
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FIGURE 45 FORMATION OF KAME TERRACES MARGINAL TO VALLEY 
WALLS:RESULTING FROM COLLAPSE OF MARGINAL 
FLUVIOGLACIAL DEPOSITS AFTER MELTING OF ICE.
rims around the central depression. These depressions are invariably 
underlain by till. The kame knobs themselves are often composed of 
till, although many sand and gravel covered knobs occur. In such 
cases the deposits exhibit characteristic collapse structures including 
steep angle faults and large scale slumps (Jewtuchowicz, 1969).
Some of the ridge like features that have developed in the marginal 
zone in front of the ice front may take the form of extensive kettle 
rims consisting of circular "closed" ridges exhibiting a classic 
•doughnut' shape. Typically such 'doughnut' shaped ridges can be 
lm to 6m high and 7m to 300m in diameter. These 'doughnut' shaped '
features are often found associated with the plateaux areas. They 
are mostly composed of till; some are composed of sand and gravel.
The sand and gravel ridges are higher and steeper sided than those 
composed of till. Typically when the closed ridges are composed of 
sand and gravel they may reach 10m high and vary from 15m to 250m 
in diameter.
Eskers
Linear ridge features which occur in front of the ice have been found 
to be composed chiefly of till although many contain pockets of 
stratified drift. Thin layers of gravel frequently occur on the tops 
and flanks of such ridges (Gravenor and Kupsch, 1959). Sometimes 
such ridges can be composed almost entirely of stratified deposits. 
Typically the ridges vary in width from lm to 100m, and from 5m to 
several kilometres in length.
These ridge-like features, often termed eskers, generally exhibit 
internal structures and morphologies which are not consistent with 
having been produced by deposition englacially or subglacially by a 
meltwater stream, the classic depositional method considered for
esker deposition (Davies, 1969). Frequently these ridges may form 
part of a regular pattern of features giving rise to a diamond or 
waffle shaped formation when viewed from aerial photographs (Gravenor 
and Kupsch, 1959)..- Occasionally three sets of ridges can be recognised 
with the primary ridges generally being oriented parallel to the ice 
flow direction although ridges at 45° to the inferred ice direction 
are not infrequent. It has been noted that some such ridges can be
straight for considerable distances, whilst others may be sinuous.
Some of the ridges are composed of sandy till, others are composed 
of sand and gravel. In some cases the materials are stratified, 
sometimes with inclusions of till, while in other cases the material 
comprising the ridges can be sufficiently contorted and faulted that 
it has obliterated any primary sedimentary structure.
Debris fans and deltas
In close association with kames, occasionally at the edge of the ice, 
the supraglacial till may just form a debris fan. Similar shaped 
delta fans can also occur from the mouths of englacial and subglacial 
tunnels in the ice. Both types of fans can, therefore, be incorporated 
together with other supraglacial ice contact landforms. The deltaic 
moraine fans frequently exhibit inclusions of stratified sediments 
with fluviatile bedding and thus can be considered to form part of the 
suite of intermediate deposits which are partially ice contact and 
partially fluvial in both origin and sediment character.
From an engineering viewpoint, the recognition of the ridges, plateaux, 
kame knobs and kettle holes in an area of glacial drift is a diagnostic 
indicator that the area is composed of a heterogeneous collection of 
supraglacially deposited materials which have undergone contortion 
and reorganisation such that a sequence of interdigitated materials is 
common. Furthermore, wherever there is a present day mound or ridge, 
that location most likely contains remnants of proglacial outwash 
sediments, typically sands and gravels. By the same token, the holes, 
basins and low,now marshy, areas in an old proglacial landscape 
invariable represent the positions where stagnant ice lumps melted. Such 
areas tend to be principally underlain by deposits of melt out till 
which may or may not have been covered by outwash sediments, but have 
invariably been blanketed by flow till.
II. Subglacial and Englacial Deposition •
To all intents and purposes the morphological shape of many of the 
deposits which are truly produced subglacially are similar to those 
which are produced supraglacially. The significance of the distinction
of mode of origin is probably irrelevant from an engineering point of 
view, as the characteristics of the materials comprising such deposits 
are almost identical to those produced supraglacially (see Table 6). 
However, because of the interrelationship of englacially and subglacially 
deposited landform features to the other deposits evident in the 
proglacial snout region of a 'wasting1 glacier and because of their 
significance often as constituting permeable conduits which could 
give rise to engineering problems in dam foundations, it is beneficial 
to consider in some detail their morphology, composition and formation.
Eskers
Classic amongst the features considered to be of englacial or 
subglacial origin is the esker. However, the detailed work of Price 
(1966) carried out on the esker deposits occuring downstream of the 
snout of the Casement Glacier in Alaska highlights the difficulty of 
assigning a mode of origin on morphology, sedimentary character or 
locational premises.. On the basis of detailed study, eight complex 
esker chains were recognised at the Casement Glacier, which exhibited 
straight sections, sections with marked tributary features and 
meandering sections, all of which were found to be composed of washed, 
waterborne sand and gravel deposits which showed significant examples 
of slump structures and faulting due to collapse.
It was noted that flat topped ridges and sharp crested ridges occulted 
in the same system; that the crest line of the ridges was irregular; 
that cross connecting ridges occured between major ridges oriented 
normal to the ice front; that outwash fans were connected to the 
downstream ends of some eskers; and that, at least in one case, 
ice was noted to exist beneath such ridges.
All of these factors point to the likelihood that eskers are formed 
in ice walled or ice floored channels or even in ice walled tunnels 
such as indicated in F i g u r e d .  The ice walled feature may be sitting 
on bedrock or may be ice floored, but in both cases the bed and walls 
of the meltwater stream contained the flow for a sufficient period 
to enable the buildup of the sediment load now seen as esker ridges.
The evidence of esker chains broadening and giving rise to tributary
FIGURE 46 ONE POTENTIAL MODE OF ESKER FORMATION FROM 
ENGLACIAL TUNNEL.
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streams is suggestive of origin in stagnant ice areas where the melt­
water streams v/ere exploiting the crevasses and weaknesses in 'the 
melting ice. Such eskers could be formed englacially or subglacially, 
but most likely were formed supraglacially.
The indications that some ancient eskers climb uphill are probably 
■the only significant observations that could justify an origin of 
such eskers in tunnels within the ice. Deposition could develop by 
flow in an enclosed tunnel under a significant pressure gradient 
such that pipe-type flow was occulting irrespective of bed topography. 
Actual observations of meltwater channels and tunnels in the ice 
disgorging water onto extensive outwash areas, tend to support such 
a hypothesis. The major criticism is that such narrow ridge-like 
features, some 3m to 15m high, which are composed almost exclusively 
of fluvioglacial deposits,, could not have originated supraglacially 
or englacially for once the ice around and beneath the sediments 
melted* the ridges would have markedly flattened (Price, 1966).
I w
De Geer (1940) published some observations of esker (ose) morphology 
and sediment structure recorded in Sweden- The esker deposits- were 
found to be intimately associated' with varved sediments deposited into 
proglacial standing water (the sea). The evidence collected by 
De Geer has been supported by many other, more recent, studies 
(Flint, 1971),. that the bedding in esker ridges, although frequently 
haphazard and faulted, does exhibit a. general dip away from the 
glacier position. Furthermore, the deposits forming the eskers are 
often rhythmically bedded adjacent to the delta area where the esker 
and the proglacial marine sediments merge. De Geer on this basis 
objects to the continuous deposition of sediments within long tunnels 
at the bottom or within the ice. This cyclical sedimentation from 
boulders to fine sands and siitsr is thought by the author ,, on the 
basis of Brenig data, to be particularly prevalent in areas where 
meltwater streams have entered into standing water immediately in 
front of the ice snout.
Washboard moraines
Other than possibly eskers, the major inferred subglacially formed 
ice contact deposits are washboard moraine ridges. These gently
undulating landforms occur transverse to the ice flow direction 
(Gravenor and Kupsch, 1959). In appearance they can resemble low 
amplitude swell waves at sea. In general, such ridges are composed 
of sandy or silty till. They can be as high as 5m, as long as 1500m 
and of the order of 100m to 150m separation. It is considered that 
they are subglacially deposited and have formed at the base of the 
inclined "thrust" planes which occur near the snout of most glaciers 
(see Figure 4-7). The till comprising the ridges is frequently 
similar to that identified in fluted moraines, but is often less 
compact and thus could represent meltout till derived from the dirt 
bands still present in the. marginal zone of the ice front on final 
melting.
In association with these washboard moraines, it is a frequent 
occuntence to find combinations of linear ridges and presumed end 
moraines. The linear ridges in such situations are considered to 
have originated by pressure squeezing up basal till into crevasses, 
developed in the snout area of the glacier (see Figure 44). Both 
papers by Jewtuchowicz. (1969) and Gravenor and Kupsch (1959) give 
some explanation of this and other theories that have been propounded 
to explain such linear- ridges of till within which distinctive pebble 
fabrics have been recorded. .
III. Fluvio,glacial Sedimentation
The previous discussion has centred on ice contact deposits. The 
distinction between ice contact sedimentary deposits and the fluvio- 
glacial sediments considered in this section is solely one of the 
influence of the ice.
All fluvioglacial sediments a re deposited by flowing water. In contrast, 
ice contact sediments, following deposition, may suffer collapse for 
non-fluvial reasons, so that non-fluviatile structures are created
within the sedimentary piles. Such collapse mechanisms may lead to 
mixing of fine and coarse grained materials into such haphazard slump 
structures that without extensive excavations into the deposits, it 
is impossible to deduce what the prevaling ground conditions are at a 
particular site by using borehole evidence alone.
FIGURE 47 RETREATING MARGIN OF BARNES ICE CAP SHOWING 
INCLINED SHEAR/THRUST PLANES 
(After Go!dthwaft, 1951).
It is therefore extremely pertinent from an engineering viewpoint to 
be able to determine from the morphology of the features which t3*pes 
of deposit are entirely fluviatile in origin and which are of ice 
contact origin. This division is also important in attempting to 
identify deposits created under fluvial conditions from those 
deposited under lacustrine or marine conditions in proglacial 
stagnant water bodies. The deposits formed under the latter conditions 
are discussed in the last section of this chapter.
The division between ice contact deposits and fluvioglacial outwash 
deposits left after removal of an ancient glacier is often diffuse 
close to the final ice margin. The ice contact deposits discussed 
earlier may frequently contain inclusions of stratified deposits or 
even laminated silts and clays. However, two main features distinguish 
the fluvioglacial meltwater deposits from those formed by ice melt 
or in association with ice melting at or close to the glacier margin. 
Fluvioglacial deposits on deposition usually do not contain blocks of 
Ice and thus, the inclusion of meltout till is generally diagnostic 
of ice contact areas. Secondly, whilst the- flow velocities of melt­
water streams are generally high* low velocity peripds do occur, 
principally in winter. These variations in velocity can give rise to 
grain size variations within the deposits formed by the meltwater 
streams. However, the important feature of such deposits is that they 
are normally current bedded, with typical morphological features such 
as ripples, foreset delta fans and dunes. It is unusual in such 
deposits to-identify an upward coarsening of material or evidence of 
folding or faulting of stratified beds such as often can occur in ice 
contact deposits.
Amongst the most useful work which has been carried out on fluvioglacial 
outwash is that undertaken by Gustavson (1974) working on the 
Malaspina Glacier, Alaska and by Fahnestock (1963) who studied the 
principal, glacial stream emanating from the .glaciers on Mount Rainier 
in V/ashington State.
Many of the features which have been recognized from such studies of 
outwash sediments are of particular significance from an engineering 
standpoint. By careful study of the grading, sorting and depositional
characteristics of the materials comprising such sediments, approximate 
evaluation of the proximity of the ice can be made, therby giving an 
indication of the location and' extent of these permeable outwash 
deposits.
Gustavson (1974) has summarized the morphological features that have 
been recognized for glacial meltwater courses. In general such melt­
water courses are braided i.e. they exhibit many individual branching 
sinuous channels. Three zones of distinctive surface morphology have 
been recognized (see Figure 48). The zone nearest the glacier is 
characterised by one main channel with few sinuous side channels.
The zone next downstream is compcvsed of numerous sinuous channels 
and branches, whilst the third most downstream zone is characterised 
by a very shallow, wide meltwater stream flowing over a wide delta 
fan. The most upstream zone may merge longitudinally from an englacial 
meltwater channel or from a meltwater stream confined between ice 
ridges. Such ice contact areas, on melting of the ice, will give 
rise to an inversion of the topography, thus creating esker-type 
features which then terminate in outwash delta fans or braided channels.
Outwash fans
Longitudinal gravel bars are the most common features identified in 
outwash fans. The sediments comprising the bars are predominantly 
pebble to cobble sized gravel. The bars have an imbricate structure, 
the clasts primarily dipping upstream, although often the long axes 
of the clasts may be transverse to the flow direction. These pebble 
and cobble-gravel sequences are frequently quite open-structured 
with most commonly the coarsest clasts occuring near the upstream 
limit of the bar adjacent to an active meltwater channel. Both the 
regularity and size of the clasts in the bars decreases markedly 
in a downstream direction. However, based on numerous observations 
carried out in such streams, Gustavson reports that values of sorting 
coefficients change little in the downstream direction, suggesting 
that winnowing of the sediment load is the principal process, rather 
than attrition in reducing the size of the clasts present in the 
bars found further downstream from the ice margin. (See Chapter 11 
and Appendix A for detailed discussion of sorting coefficients).
FIGURE 48 CHARACTERISTIC LANDFORMS OF GLACIAL MELTWATER 
COURSES IN THE PROGLACIAL MARGIN OF A TYPICAL 
RETREATING GLACIER.
Within such bars, sequences of plane bedded, imbricate, poorly sorted, 
angular to subangular, pebble to cobble gravel may be interbedded with 
horizons of plane bedded or strongly cross-laminated poorly sorted 
coarse sand and well sorted openwork gravel. The sand beds form on 
the downstream side of the bars and are generally noted to drape over 
the gravel, so that the bars are composed of overlapping lobes rather 
than sheets of sediment. These lobes are coarse upstream to fine 
downstream.
Braided channels
.In. the channel areas, the sediment load is in active transport. The
channels range from narrow features with beds of very large boulders
and cobbles near the glacier snout/esker terminii to wide delta-type
fans with smooth, sand and gravel beds at the margins .of stationary
water bodies (Fahnestock, 1963). Measurements carried out in some
of the channels at Mount Rainier suggested maximum flow velocities
of the order of 1.5 to 3' metres/second, which would impose- a basal
2shear stress on the bed of the stream of the order of 0.01 kN/m to 
2 '
0.3 kN/m which is sufficient to keep particles ranging from 6 mm to 
100 mm in motion. It is, therefore, quite common to find that 
deposition only occurs in pools and channels where the flow is 
diminished significantly from the 'main stream flow1. In such 
locations, thin lenses of poorly sorted, cross-laminated, silty sand 
frequently occur in close proximity to thin layers of silt or clay. 
These sequences frequently fine upwards and may even exhibit 
rhythmical cycles from sandy material to clays.
The fact that, the whole process of channel cutting, bar formation 
and pool deposition is an active process which fluctuates seasonally 
with meltwater volume, can give rise to significant stratification 
of sediments across the entire proglacial area. All the stream 
channels merge and bifurcate over the years, sediments can be eroded 
and redeposited, gravel can be covered with sand lenses or by silt 
and clay layers which in turn can be capped again by gravelly material.
In such sequences it is not uncommon to get openwork gravels formed . 
by erosion of the fines from an already deposited sandy gravel bed.
Conversely it is possible to infill a poorly sorted gravel bar 
deposit with silts and clays once such a bar has become an area of 
non-active meltwater flow. Frequently the infill materials- are silts 
which can exert a significant engineering nuisance when ..trying to 
dewater ancient fluvioglacial deposits (Fookes at al, 1975).
Furthermore the fact that the general retreat of the ice fronts 
during the Pleistocene has- given rise to extensive areas of fluvio­
glacial outwash, makes detailed geological evaluation of such deposits 
particularly important. for carrying, out engineering works, ±rr areas 
where the sediments have tended to concentrate. For example, 
fluvioglacial sediments are particularly common infills to valleys,, 
but significant thicknesses of deposits have also been noted from 
extensive tracts of lowland which were marginal to an ice-front,, 
particularly at the edge of the maximum advance. With retreat of 
most glaciers occuning on a  seasonal basis and small.scale readvances 
taking place in winter, new fans of gravel, silts and sands accrued 
downstream- from the snout, o f  the glacier each summer-.. This process 
re suite in, a  series of rhythms of fining upward sequences of outwash 
deposits which, if the composition, continuity and persistence of the . 
deposits is not fully evaluated prior to construction, can give rise 
to significant geotechnical difficulties especially with foundations, 
for dams and other water- retaining structures.
c) GLACILACUSTRINE DEPOSITS
The origin of the rhythmically bedded silts, sands and clays that 
are frequently found, associated with the margins, of modern and 
ancient glaciers has been a subject of much interest- since the turn 
of the century. The most general discussion of these deposits in 
the literature has concentrated on identifying the seasonal nature - 
of varves for chronological dating purposes following the classic 
work of De Geer (1912) in Sweden.
Many papers have addressed, the subject of seasonal variations in 
producing the classic summer silt layers and winter clay layers. ■
Only a few workers have examined the modes of deposition of varves 
under actual ice front conditions (e.g. Gustavson, 1975), while some
workers have experimentally studied seasonal layering due to temperature 
(e.g. Fraser, 1929). However, to date, little geotechnically oriented 
work has been addressed to the active deposition of the. suite of 
rhythmically bedded sands, silts and clays that form on the shorelines 
and margins and within modern glacial lakes.
From the work that has been carried out, it is suggested that 
rhythmically bedded deposits may develop as close to the ice as the 
delta area of fluvioglacial sediments where such sediments are marginal 
to a lake or the sea into which the sediment is being discharged.
The ponding of meltwaters within proglacial bodies of stationary 
water, in particular in ice-dammed or moraine-dammed lakes, allows the 
settling out of the fine fraction of the sediment load being transported 
by the fluvioglacial outwash streams. The fine fraction that is 
deposited in these water bodies essentially comprises the rock flour 
component produced by the comminution of the glacial ice over the 
bedrocks The coarser fraction sediments derived from the ice erosion, 
the cobbles, gravels and sand generally have been deposited in the 
longitudinal bars o r  channel deposits of the fluvioglacial outwash 
deltas immediately between the ice front and the lake area,
(see Figure 48).
In some cases, and particularly in some-of the polar, Antarctic 
glaciers (Shaw, 1977), there may be no intervening land area between 
the ice snout and a large meltwater body (see Figure 4*3). In such 
situations the fluvioglacial/ice contact outwash landforms are 
entirely missing and a composite turbidite-type deltaic sub-lacustrine 
depositional deltas fan is developed.
In factr based on. the work of Ashley (1971), Harrison (1975) and .
Gustavson (1975),. it seems likely that turbidity current deposits are 
commonplace in proglacial lakes, with rhythmites and true ’varved’ 
siltr-clay couplets exhibiting an annual rhythm just representing the 
’quiet phase1 facet of normal proglacial lacustrine deposition.
This potential interdigitation of turbidite sequences with periods of 
settling out and deposition of rhythmically bedded silts and clays may be 
further complicated by deposition of rafts of melt-out till and ice-melt 
dropstones where blocks of ice float freely on the lake surface, allowing 
debris to be incorporated with the accumulating lacustrine sediments.
FIGURE
S lu m fr
CONFIGURATION OF TYPICAL DEPOSITS ADJACENT TO ICE 
WALL OF POLAR (ANTARCTIC-TYPE) GLACIER.
(After Shaw, 1977).
Gustavson (1975) even noted that ice can be trapped beneath the lake 
bottom, such that on breaking free it carries lacustrine sediments 
to the surface of the lake. On melting of the ice these sediments 
may then be dropped elsewhere in the lake. Thus sediment all over 
such proglacial lakes could incorporate ice-rafted glacial debris 
ranging in size from boulders to clay-sized rock flour.
Ashley (1971) and Harrison (1975) have presented detailed accounts 
of the important properties identified in the ancient sediments of 
Pleistocene glacial, lakes. In the following section the author 
has combined their observations with those principally of Gustavson 
(1975) on modern glacilacustrine sediments.
- I* Bedded Sediments (Rhythmites)
Laminated rhythmically bedded sediments occur in immediate proximity 
to stratified sand and gravel deposits which sure considered to be 
of delta-kame origin,, having been deposited by braided fluvioglacial 
outwash streams. The laminated sediments exhibit alternating silt- 
rich, or even sand-rich and clay-rich layers ranging from a few 
millimetres to less than one millimetre. Such rhythmically bedded 
units also occur shorewards into the deltaic deposits where the silt 
and sand layers tend to thicken at the expense of the percentage of 
clay partings. Within the rhythms, the thickness of the silt, and 
where present,the sand, layers varies considerably. However^ the 
variation seems to be related to the proximity of inflowing melt­
water streams, while clay layer thickness appears relatively constant 
throughout the sediments studied.
The rhythmical beds within a varved sequence comprise a couplet.
The couplet is made up of two distinct textural and genetically 
derived layers. The silt layers and most of the coarser beds are- 
composed of thin laminations that commonly grade upwards into the 
overlying finer grained zone, such that the coarse materials and the 
fine material comprise a  single graded unit. The silt-clay contact 
varies according to the environment of deposition. Less than 50% of 
sediments examined from Pleistocene deposits exhibited gradational .
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contacts, while almost all showed evidence of a clearly demarcated 
contact between the clay layer and the next successive coarse 
horizon.
Within the coarse silt and sand layers there is not always clear 
evidence of upward grading. However, in the clay layers, based on 
electron microscope work, an upwards fining of material is evident. 
Sedimentary structures are present within the silt layers and appear 
to be related to flow velocity. Multiple graded laminations occur 
in the finer grained materials and cross—bedding of up to 4-7 mm 
thickness is found within the more coarse grained horizons.
Within the clay layers, occasional very thin silt partings occur, 
whilst within the silt layers, clay partings appear less frequently. 
This is in accordance with the fact that the sedimentary structures 
which occur' within the coarse silts would have required flow velocities 
of the order of 20 cm/sec to have formed foreset cross-beds, a velocity 
too high to have allowed clay deposition. This fact is also of 
importance in evaluating the- depositional chronology of such sediments. 
It would seem that the silt layers would be deposited relatively 
rapidly where such sedimentary structures were evident, and that 
several millimetres of silt would be deposited in as many minutes, 
a timing which is somewhat at variance with deposition of the entire 
silt suite over the summer and the clay in the winter if such beds 
were true 1varves1.
Detailed studies of modern glacial lake sediments by Gustavson (1975) • 
have indicated that graded laminae with evidence of cross—bedding in 
the coarser grained units were present in the areas where turbidity 
currents or underflows were occuring down the fluvioglacial deltas 
onto the lake, bottom. The. concept of an. underflow as suggested, by 
Ashley, 1971 (see Figure S O ) seems to accord well with the available 
data, that,, although the flow of water into the lake varied in volume, 
a consistent cold current of water flowed into the lake throughout 
the year, but the sediment load carried by the current varied seasonallyi
Gustavson (1975) indicates that in the margin zone adjacent to the 
ice front and fluvioglacial delta area more than 50% of the lake 
sediment comprises silt and sand. From this and the fact1 that all
(k* Rj 5i)
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FIGURE 50 DENSITY UNDERFLOW FAN DEPOSITION WITHIN 
PROGLACIAL LAKE BODY.
NOTE OVERLAPPING AND INTERFINGERING 
OF DEBRIS FANS.
(After Ashley, 1971). -
areas of high sand percentage occur near the location of surface melt­
water streams or next to the location of the portals of sub and 
englacial tunnels, it is considered that much of the sediment and 
meltwater entering the lake originates from such tunnels and streams 
as turbidite underflows (see Figure 51).
Furthermore, it has been noted that the fine fraction of each rhythmite 
couplet consists of clay which is devoid of any other structure except 
upward fining. It is therefore concluded that such clay deposits, 
unless interrupted by turbidity currents, 3«tbled continuously but 
accumulated only in significant amounts during the winter when coarser 
material was less available.
II* Waterlain Morainic Deposits
Within this broad group are all of the ice-controlled deposits which 
occur in proglacial areas of standing water. These materials 
include melt-out till—like deposits originating from release from 
floating icebergs,, river drift ice floes or floating ice. Also 
included, within these para-till deposits (Harland et al, 1966) must 
be the group of melt-out till-like deposits resulting from melting 
of the ice ridge remnants of the walls of the englacial and subglacial 
tunnels which enter such proglacial lakes (Gustavson, 1975)*
In addition to the till-like deposits, Gustavson (1975) has found 
that part of the proglacial lake that he has studied adjacent to the 
Malaspina Glacier is partially ice floored. It is assumed that'gthe 
sediment covered stagnant ice is kept at the bottom by the overburden 
pressure exerted both by the lake sediments and also, by the sand and 
gravel remains of esker and kame ice contact outwash deposits which 
mantle the ice. It is thus not surprising that on melting of such 
ice cored ridges, slumping and collapse of the lake bottom sediments 
is inevitable. This is frequently associated with some degree of 
readjustment, probably by mudflows (Stone, 1976). In addition, due to 
the melting of the trapped ice, some melt-out till will also be 
incorporated into the proglacial sediment suite.
It must be borne in mind that as esker-Iike ridge deposits, have been 
noted at the base of proglacial fresh water lakes, it is feasible
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that other ice contact features occur in a modified form beneath the 
lacustrine sediments in such lakes. It is thus feasible to expect 
that some ancient Pleistocene till-like deposits are in fact not 
terrestrially deposited tills but are members of the complete suite 
of waterlain para-tills which range from soft lodgement para-tills 
•such as might result from the reduced effective stress of the ice on 
its basal load once it enters such a waterbody, through melt-out 
para-tills which incorporate some degree of sorting due to their 
settling out under water, to subaqueous turbidity mudflows which 
represent the terrestrial flow till component originating from the 
melting surface of the ice.
The volumes of heavily silt-laden meltwater that could enter such -
proglacial lakes from englacial and supraglacial sources together 
with the possibility of loose floating ice melting out adding to 
the rapid deposition of silt in the lake could also account for the 
unique soft crudely stratified but partially till-like deposits 
which are found at Brenig. These silty tills which are virtually stone 
free are discussed in detail in Chapter 8. The fact that they occur 
adjacent to and merge with significant thicknesses of rhythmically 
bedded sediments which contain dropstones suggests that they too 
have originated in a proglacial environment probably from melting out 
of floating ice.
CHAPTER 8
GENETIC CHARACTERISTICS OF BRENIG GLACIAL DEPOSITS
In the previous chapter the processes by which modern glacial deposits 
are thought to have been deposited were reviewed in the light of the 
material properties of each individual type of deposit. In this 
chapter the characteristics of the glacial deposits identified at 
Brenig by the author are described in terms of their inferred 
glaciological mode of origin. In Chapter 11 the engineering properties 
of each of the glacial deposits described in this chapter are examined 
in detail with respect to both the particular glacial stratigraphy of 
the foundations at Brenig a"s well as to the facets of the characteristic 
engineering behaviour of each deposit as it would be applicable to 
similar deposits encountered elsewhere.
Using the same broad divisions of glacial materials as used, in Chapter 7 
this chapter has been subdivided under three major subheadings:
(a) Tills
(b) Ice contact, disintegration and fluvioglacial deposits 
and (c) Glacilacustrine deposits.
(a) Tills
The field exposures and handling characteristics of the Brenig tills 
were examined by the author primarily with reference to the glacial 
processes described by Boulton (1972). Additional insight into the 
genetic characteristics of the deposits at Brenig was given by 
Derbyshire ( 1 9 7 4 ) Further research into the interrelationship of the 
various deposits encountered at Brenig was undertaken directly by the 
author utilizing amongst others the works of McGown and Derbyshire (1977) 
Boulton (1975) and Boulton and Paul (1976) as a basis for comparison of 
Brenig tills with deposits of other glacial areas.
Subdivision of Brenig Tills - Fabric
At Brenig the author has recognized six till subgroups, based on 
analysis of geotechnical parameters, on fabric properties and on 
degree of v/eathering. However, in broader terms and particularly 
from an engineering viewpoint., the tills at Brenig can be divided 
into those tills which tend to exhibit a sufficiently high percentage 
of gravel clasts such that the till appears distinctly gravelly in 
hand specimen, and those tills where the gravel clasts appear to be 
more widely spaced such that the fine grained matrix appears to be 
dominant. These two groups can then be termed clast-dominated and 
matrix-dominated till respectively.
In hand specimen and from field exposures, these classic appearances 
of typical till types can be descriptively quantified in accordance 
with standardized engineering geological descriptive practices (see 
working party reports on Preparation of Maps and Plans, Anon 1972 
and on Description of Rock Masses, Anon 1977).
At Brenig, the methods used by the author in describing and identifying 
the tills in the field were developed from the standard methods at that 
time in use only for logging rock exposures and in particular rock cores. 
These methods, as they became standardized in the Consulting Engineering 
profession for description of rock fabric, were subsequently incorporated 
into the 1977 Geological Society Working Party report on rock masses.
Such methods are still not common in standard soil descriptions and are 
only now being presented in traditional soil mechanics publications 
(e.g. McGown et al, 1980).
— Weathering State
The two principal groups of till identified at the site, the silty clay 
and sandy clay-rich matrix-dominated tills and the gravelly, frequently 
imbricately bedded, clast-dominated tills were found by the author to 
be present both in a yellowish brown or even orange weathered and 
oxidized state and as grey, blue-grey or greenish grey 'fresh* material.
The location ox the 'weathered' tills and the other weathered material 
types at Brenig were traced by the author on the basis p r i m a r i l y  of
colouration changes, but also utilizing any changes in engineering 
characteristics which allowed correlation where moving from oxidized 
zones to reducing zones.
The most common 'unweathered* till colour at Brenig is greenish grey. 
Till of this colour is generally a firm to stiff, silty and sometimes 
sandy, gravelly clay which exhibits a weakly developed fabric (as 
determined from stereonets plotted from the a-axis of blade shaped 
stones (see Chapter 4)). Such tills occur extensively'in the saddle 
area of the dam site, where they were examined by the author both in 
the dam core trench excavations and from the samples from the diamond 
drill holes.
■ - Till Correlation
Qualitative field description of these tills was aided by the use of 
quantitative fabric and fissure measurements. Furthermore, by means 
of the hand penetrometer, rough correlations were undertaken of the 
strengths of similar looking layers in separate exposures of the tills. 
Such hand penetrometer correlations were found to be beneficial to the 
overall unravelling of the stratigraphic boundaries between similarly 
coloured grey tills of inferred different modes of origin.
In addition, the pocket penetrometer was used as a means of quantifying 
the variations of the consistency and strength of the various till types 
cored in the exploratory foundation holes. On the basis of handling 
properties, the penetrometer values, when coupled with the data from 
the fabric studies, have allowed the grey tills to be further sub­
divided to include a third division within the framework of the two 
main 'matrix-dominated' and 'clast-dominated' types. This third sub­
division comprises a softer, crudely bedded, clay-rich till frequently 
devoid of significant clast content. Based on the field exposures 
and core samplescfeach of these Brenig materials, the clast-dominated 
tills generally tended to be stiffer than the matrix- dominated tills, 
although this was not always found to be the case.
(i) Flow Tills of Upstream Toe Area of Damsite.
In the upstream toe trench excavations north of the saddle area of 
the dam site (see Figures 8 and 23), clast-dominated tills tended to
be found in close proximity to areas of sand and gravel, frequently 
occulting as a capping over such deposits. The tills in cut section 
exhibit an open-looking structure often showing well aligned pebble 
and cobble sized clasts. Fabric diagrams of such tills are typified 
by those at ch.530+150 (see Figure 52). The till, a compact sandy 
clayey silt with frequent imbricate gravel and occasional cobbles, 
is characterized by a girdle fabric of the a-axes of tabular and 
blade shaped stones. The dip of the girdle is at 28° to the south 
west. ■
The overall handling properties, the open-structured nature of the 
surface zone of the deposit and its well-developed pebble fabric are 
considered by the author to be indicative that this till is probably 
of flow till origin , although it could possibly be a dilated lodgement 
till (Derbyshire, pers. comm.). The fact that the clast fabric of this 
till sample if plotted as poles to the a-b planes (see Figure 53) shows 
a generally tight pole concentration is a further indication related to 
the direction of transport of the material.
A good example of multiple flow tills was found in the clay borrow 
area some 600m north of the dam centreline at ch.680 + 610. These 
tills exhibited all the classic properties of a lower (more cohesive) 
and an upper ’washed’ clast-dominated zone in each flow. Where the 
material graded downwards into the more cohesive material at the base 
of the flows, wh$re clast percentages were visibly reduced, a crude 
stratification was sometimes evident. Furthermore, at the base of the 
flows, the till,in hand specimen,could almost be described as matrix- 
dominated, although clast percentages were still sufficiently high 
that grading curves indicated that the tills were well graded. Such 
distinctive vertical variations in till composition were frequently 
found in the proximity of some of the lacustrine rhythmite deposits 
both in the upstream toe area of the dam site and in the borrow area.
In general,the grey till deposits at Brenig which were considered by 
the author to be of flow till origin,based on the characteristics 
identified in modern glaciers (see Chapter 7), were noted to be
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somewhat wetter and more bluish-grey than the more typical greenish- 
grey clay tills of the saddle area of the dam site.
On the basis of the observations of freshly cut temporary excavations 
in the clay borrow area within the reservoir basin, it was considered 
that a significant thickness of the material composing the valley 
sides of the reservoir was of flow till or solifluxion flow/creep 
origin. Detailed examination of the base of an inferred flow till 
in the upstream toe trench area of the dam site at ch.770 + 120 
indicated evidence of slickensided shear planes at the junction with 
and within the underlying glacilacustrine materials. Although other 
exposures were also examined for the presence of slickensided shear 
planes, no further examples were found in such situations. It is 
thus considered that the materials on the valley sides, in the borrow 
area and those forming much of the upper surface of the hummocky 
ground in the upstream toe trench area are more likely to be of 
liquid or semi-plastic flow till origin than of solifluxion or creep 
origin, as both of these latter processes tend to give rise to 
significant basal shear planes marking the lower boundary of the 
moving soil mass.
{H) Fissured.- matrix-dominated tills of the core trench area.
Throughout the core trench excavations through the drumlins and in a 
number of the exploratory test trenches cut across the two main 
drumlins at the dam site, almost all exposures of the tills exhibited 
significant fissuring in addition to a characteristic wafery-like 
macrofissility throughout.
The tills exposed in the core trench from ch.400 to ch.500 and from 
ch.890 to ch.910 were found to be significantly fissured. Those 
exposed in the length from ch.500 to ch.700 and from ch.860 to ch.890, 
although in some cases exhibiting near-vertical fissures, based on 
the author's examination,appeared to be devoid of the strongly 
developed low angle fissures characteristic of the tills adjacent 
to the drumlins.
Also,the clast fabric of the grey tills near the drumlins was 
found to differ from that in the drumlins or elsewhere along the core 
trench. The till fabric measurements carried out at ch.470 in the
core trench show that blade and tabular shaped stones in the till 
matrix form a girdle fabric when plotted on the stereonet, indicating 
a general dip at angles of 10° approximately towards the south west. 
However, from the stereonet (Figure 2 6), it can be seen that there is 
not really a preferred maximum to the long axes orientation of the 
pebble sized clasts. Oi'Wvg?'-'patterns can be seen on the stereonets 
of the grey till fabric recorded from the temporary excavation face 
in the borrow area at ch*650+590, from the fabric diagram for the 
measurements taken at ch.1040+25 in the core trench and to a lesser 
extent from the patterns seen both in the gravelly till from the core 
trench at ch.736-20 and in the slightly fissured till from ch.900+10 
(see Figures 54 and 55).
These tills, however, tend to exhibit certain features in common.
They abut areas where significantly fissured tills were encountered 
during the foundation excavation. They tend to be somewhat harder 
and more clast-rich than similar coloured tills in the central 
section of the saddle area away from the fissured tills associated 
with the drumlins; and,where they are overlairt by fluvioglacial or 
glacilacustrine materials, they frequently exhibit an iron-pan along 
a fairly sharp contact zone. Such a contact was particularly marked 
in the vicinity of ch.830 + 10 on the western side of the main drumlin 
in the area immediately upstream of the core trench.
The girdle fabric shown by these tills (see Figures 54*and ) 
suggests that in addition to the streamlining by the ice during drumlin 
formation, those till bodies that are marginal to the drumlin centre­
lines have undergone significant deformations in directions transverse 
to the main streamlining.
In addition to controlling the orientation of individual clasts over 
the surface of an approximate up-glacier dipping plane of deposition, 
as defined on the stereonet by the fabric girdle, the transverse 
deformations have apparently influenced the development of a suite of 
30° to 60° dipping fissures which tend to parallel the drumlin axis 
and be conformable with the local slope topography. On the sides of 
the main drumlin at Brenig, the author has noted that these fissures 
often cross-cut the omnipresent pair of steep angle conjugate fissures 
noted from till exposures anywhere in the immediate proximity of the
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drumlin. In order to examine in detail these 'topographically 
related' fissures with respect to both the low angle macrofissility 
and the predominant steep angle conjugate sets, the author undertook 
an extensive series of fissure fabric measurements at ch.1015-20 on 
the east slope of the main drumlin (see Figure 56).
In the course of the observations, a detailed examination was under­
taken of a specifically broken-open surface of a sub-vertical 
fissure. The observations suggest that clasts protruding into such 
fissures have not been significantly re-oriented with respect to the 
fissure, but are still more or less conformable with the general 
attitude of the till clasts in the adjacent till mass away from the 
location of the subvertical fissure. Stereonet (a) on Figure 57 is 
plotted for 28 clasts measured on the side of the fissure and 
stereonet (b) is that for the general till mass b&i some 2m away from 
the particular fissure.
This evidence tends to suggest that the subvertical fissures are 
predominantly tensional features, some possibly primary in origin 
(see Boulton and Paul 1976, Fig.20a); most others are considered 
to have developed subsequent to ice removal as a result of stress 
relief, desiccation or freeze-thaw ice-wedge cracking. The sub­
horizontal fissures, on the other hand are generally considered 
primary in that they appear to be intimately related to the 
orientation.of the clasts in the immediate proximity of the fissures 
such that adjacent to individual fissures, clast parallelism or 
distinct imbrication is evident.
The orientation of the fissures with respect to the attitude, of the 
clasts in the till also is of significance to the engineering 
characterization of the till materials. The properties of the 
individual .fissures and the influence that such fissure development 
has exerted on the clast fabric of the till is dependent to a 
considerable degree on the genetic processes involved in the —  -
formation of the fissures. * .
- Till Macrofissility .
The heavily fissured grey c-lay tills of the drumlins and the compact 
matrix-dominated, slightly fissured tills of the drumlin margins
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when examined in cut faces always are characterized by a distinctive 
wafer-like texture imparted to the till fabric by the subhorizontal 
macrofissility. When the till is broken apart usiqg a geological pick, 
individual wafer-like fragments of till can be isolated. Such 
individual fragments insitu at Brenig are of the order of a few 
millimetres to a few centimetres thick and several centimetres to tens 
of centimetres long. They are bounded by discrete,undulating, 
anastomosing fissure surfaces, the overall alignment of which are. 
subparallel to bedding (see Figure 58). Similar fissure patterns are 
evident in many shales and in numerous overconsolidated clays such as 
the London Clay. Thin section birefringence microscope studies 
undertaken for the author whilst investigating the degradation 
properties of cla}' shales (Shearman, D.J. pers. comm.) and similar 
work undertaken on London Clay by Tchalenko (1968) suggest that the 
discontinuities bounding such wafers of intact material are -frequently 
infilled with well aligned clay particles which coat the outside of 
the wafers. Such clay coatings may then control the shear strength 
properties of the fissures and thus of the material as a whole.
Detailed scanning electron microscope work and petrographic examination 
of several overconsolidated clays of various origins (Barden 1972), 
reinforces this view in that for most engineering purposes, the effects 
of the overconsolidation process that can create such fissures so 
dominate the material behaviour that invariably the original
depositional-microfabric_£>f-.the. material._ls lost. In fact, in the
heavily fissured basal tills, where deposition has been followed 
immediately by shearing, the formation of subhorizontal shear fissures 
is ubiquitous. Indeed, it is considered by the author that these 
fissures, which on a macro-scale form the bounding discontinuities 
surrounding individual wafers in the tills, and which are so 
characteristic of the drumlinized silty clay tills at Brenig and 
elsewhere, exert a most significant control on the engineering 
properties of such tills. However, the fact that, in general, 
because of their relatively horizontal attitude, such fissures have . 
not been oriented sufficiently unfavourably to jeopardize the 
stability of most natural slopes or engineering works, has meant 
that conventional vertical sampling and testing, treating all tills 
as homogeneous deposits and ignoring the existence of such fissuring
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has not unduly compromised the engineering designs which have been 
based on such tests.
- Influence of Fissures on Natural Slopes
The conjugate steeper angle fissures, which at Brenig tend to be 
ubiquitous and aligned either side of the centreline axes of the 
drumlins (see Figures 56 and 59, and Chapters 2 and 7), as well as 
the 50-70° dipping fissures which strike transverse to the drumlin 
axes, have exerted a much more significant influence on the long 
term profiles of the natural slopes of the drumlins than the sub­
horizontal macrofissility. By the same token, provided that the stresses 
imposed by engineering structures on such fissured areas are oriented 
in similar directions to the prevailing natural principal stresses 
it is likely that such major fissures will still exert the primary 
control on the behaviour of the tills insitu; and thus,testing of 
the fissured tills,in particular, should be aimed towards either testing 
the fissures directly or testing large enough samples to enable 
strengths to be evaluated for a representative fissured mass.
- Fissure Properties
Most of the Brenig data on fissure properties was obtained from 
examination of the till exposed within the average 5m depth of the 
core trench in the drumlinized areas. The transition from grey till 
upwards into the overlying oxidized (yellow) till was almost always 
found to be marked by a significant change in fissure properties.
The steep angle fissures in the grey till at a depth of 3-5m below 
ground surface were found to exhibit significant brownish-yellow 
(oxidized) coatings, while the same fissures in the overlying 
oxidized till at surface to 3m depth tended to show light grey 
(reduced) coatings.
The oxidation state of such till in the immediate fissure area 
provides a useful indicator that the permeability of the entire till 
mass is significantly influenced by the presence of fissures in much 
the same way that the permeability of a hard rock mass is controlled 
by jointing. Many of the subvertical fissures examined by the author 
in the upper 5m surficial zone of the tills of the Brenig drumlins were
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noted to contain included remnants of plant roots. Similar deep 
rootlet remnants were also identified in the desiecated crustal zone 
of some of the tills and the rhythmite denosits found in the saddle
area of the dam-site. However, in general, the fissured grey tills 
of the drumlin areas at depth, as identified from the boreholes, were 
not found to contain plant remains where the fissures were not oxidized.
In Table 1 in Chapter 4 is given a summary of the surface properties 
of the major fissure types recognized by the author at Brenig. For 
most of the fissure measurements made on samples of the tills at 
Brenig it appears that although both horizontal and vertical fissures 
are relati\eLy rough with hackly surfaces, the steeper the fissure, in 
general the more planar the overall fissure plane.
This observation is in keeping with that of several workers (e.g.
Grisak et al 1976, McGown et al 1980 - in particular note Table 4), 
However it appears to be a.%- variance with the data presented by 
McGown et al (1975) in a paper describing the particular characteristics 
of the drumlinized tills of HurLfoi-d and Glasgow. The data from these 
tills indicate that for near vertical fissures, asperities typically 
range from 2-8mm,with the majority of fissures exhibiting 2-4mm 
amplitude asperities. At Brenig the asperities on the sides of the 
near vertical fissures are in the same range (see Table 7  ), but the 
overall waviness of the fissures over an extended length (greater than 
500 mm) is less marked than over a similar distance along the surface 
of one of the horizontal fissures, the asperities of which may 
frequently be less than those noted on adjacent sub-vertical fissures.
From the foregoing discussion it is clear that for any comparison to 
be made between fissure surface data from various sources it is 
essential that measurements are carried out in a standardized manner 
and that consistent definitions are adopted for roughness and for 
waviness or uneveness.
The Brenig data shown on Table 7 was compiled according to the 
standard methods of description for discontinuities in rock (see 
Chapter 4 and the Quarterly Journal of Engineering Geology Working 
Party Reports on Maps and Plans 1972, and on Rock Masses 1977). The . 
purely descriptive type of waviness (uneveness) classification, such
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as that given in Appendix B to McGown’s paper (1980), based on the 
early work on fissures in clays by Fookes and Denness(1969) and 
others, has been the subject of much detailed evaluation in the rock 
mechanics field.
In attempting to categorize more precisely the frictional strength 
characteristics of joints in rock, several workers have moved towards 
quantifying the measurement of uneveness (particularly Patton, Barton 
and Fecker and Rengers, see Fecker 1977, and Hoek and Bray 1977).
The definition of uneveness, however, still remains imprecise, being 
arbitrarily placed as the division between those asperities which 
will be removed in shear (i.e. roughness) and those which will exert 
a significant influence on the fhictional properties of the joint 
surface (i.e. uneveness). This latter 'broad scale' roughness can 
be accounted for in the 'roughness angle' component, (i), of the 
friction angle (0 + i) for any given discontinuity surface.
Adopting these conventions, the author considers that the scale of 
the waviness/uneveness of the sub-horizontal fissures in the Brenig 
tills when measured over at least a 500mm trace length is generally 
much more significant than that of the vertical fissures.
Furthermore^apart from secondary (weathering-type) coatings (e.g. 
limonite (iron oxide) and manganese oxides) the steeper angle fissures 
also tend to be cleaner and more open than the sub-horizontal fissures 
which characteristically exhibit silt, fine sand or even silty clay 
coatings.. However, the fact that invariably sand and silt grains 
occur on almost all fractured surfaces in the tills is indicative 
of the open structure of many of the fissures.
- Inter-relationship of Fissure and Clast Orientations
Fissure and pebble orientations and their relation to imposed ice 
stresses have been discussed in Chapter 7 and also in Chapter 2 with 
specific relation to fissures in drumlinized till. In Chapter 2, on 
Figure 6f a block diagram has been compiled to illustrate the general 
relationships of the major fissure patterns identified by the author 
at Brenig to the predominant clast orientation and to the inferred 
ice direction.
Based on measurements of clast orientations and fissure orientations 
in the same area of the main drumlin at Brenig (see Figure 58), it 
appears that the principal strike directions, respectively, of the 
low angle fissures and of the till clasts (a-axis of blade shaped 
stones) are within 5-10° of each other. Furthermore, indications 
from limited observations suggest that, while the a-ax$s of the till 
clasts and indeed of the overall foliation planes between such 
clasts dip in a general up-glacier direction, the major horizontal 
fissure planes dip slightly down-glacier with a geometry exactly 
analagous both to Riedel shears (see Figure 63) and to the imbrication 
of pebbles in a bedded river deposit (see discussion later in this 
chapter on fluvioglacial materials and also see Plate 3 which shows 
some classic imbricate bedded gravels within the core of the main 
drumlin). -
Measurements of the orientations of the major fissure sets identified 
in the tills of the main drumlin between ch.880 and ch.1040 are shown 
in stereonet form on Figure 59. The corresponding clast fabric 
stereonets determined for the same area are shown on Figures 54 to 57.
On Figure 60 an idealized, composite longitudinal section of these 
Brenig drumlinized clast and fissure patterns has been plotted.
This sketch formed the basis from which the block diagram in Chapter 
2 was prepared. For completeness-, also included on Figure 60 are 
the composite summary stereonets for the fissures and for the clast 
fabric based on all of the observations shown on Figures 54 to 59.
- Inference of Principal Stress Directions From Fissure Fabric
It is possible from fabric stereonets to estimate the orientations of 
the principal stress directions that gave rise to the fissuring 
currently seen in the tills forming the drumlin.
It is well known that the plane or planes of shear failure in any 
rock or soil material, instead of bisecting the angle between the 
major and minor stress directions, will deviate from this bisector 
so as to form a smaller angle with the direction of greatest stress. 
Furthermore, if the two primary non-vertical fissure suites- in the 
drumlinized till mass at Brenig are accepted as corresponding to
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FIGURE 60(b) COMPOSITE STEREONET PLOTS FOR BRENIG DRUMLIN
such shear failure planes and also that such fissures are deemed 
to parallel the planes of maximum tangential stress, then the 
intersection line of these two primary shear fissures in the till 
is the direction of the axis of the intermediate principal stress, cr^ .
By means of the stereonet, determination of the possible directions 
of the principal stresses is readily accomplished. On Figure 61 
are shown the plots of the average orientation of the major till 
fissure/shear planes that are considered to be primary in origin. 
Fissure planes F1 and F^ are interpreted to be dominant, solely on 
the field evidence that such shear fissures strike almost normal to 
the drumlin axis; that adjacent to the more well developed individual 
fissure planes, the clasts in the till are generally aligned parallel 
to the fissure plane; and that almost always the near vertical 
(tension) fissures apparently cross-cut both assumed primary shear 
fissure directions.
In the case of the low angle fissures (F./F_), the clast fabric and1 b
fissure fabric appear intimately related, suggesting that these 
fissures may be "bedding” fissures. The 60-70° dipping F2 fissures . 
which are particularly prominent in the core trench at the crest of the 
drumlin, exhibit undulating surfaces and are oriented almost exactly 
perpendicular to the a-axis dip of the clast fabric. They also often 
cross-cut significant bedding fissures within the general bedding 
•macrofissility, but are also themselves frequently cross-cut by 
strongly developed bedding fissures. In addition, within the fissured 
till of the upper part of the drumlin most 60° to 70° fissures appear 
striated where such fissures are in excess of about a metre in length. 
The larger fissures oriented in this direction tend to be paralleled 
by numerous- similarly oriented fissures which are of shorter length.
The precise stress field responsible for generating such fissures 
within the till is by no means certain, but may be most conveniently 
considered in terms of the stress distribution shown in Figures 41 awl 43 
in Chapter 7, At the base of the moving ice at the junction with, 
a consolidated,, but deformable, unfrozen or partly frozen bed where 
horizontal shear stress exerted by the ice on the bed is at a maximum, 
relative slip movement of the upper part of the bed occurs in the 
direction of ice movement (as clearly is evidenced by some of the
FIGURE 61 ORIENTATION OF MAJOR FISSURE PLANES IN BRENIG 
DRUMLINIZED TILL (IGNORING SUB-VERTICAL PLANES 
AND THOSE RELATED TO SURFACE TOPOGRAPHY).
displacements that have occured in the bedrock at Brenig, (see Figure 
and refer to discussion later in this Chapter on bedrock shears)). 
With depth into the bed material, the shear stress is dissipated and 
relative horizontal displacements are of less magnitude. In the case 
where to some depth into the bed material the bed becomes entirely 
frozen to the sole of the ice, the relative displacements discussed 
above occur in the material beneath the incorporated frozen mass 
with the plane of separation forming the new effective glacier sole.
Within the ice itself, as shown on Figure 62. , the decrease in shear 
stress when moving away from the bed is significant. As discussed 
in Chapter 7, the movement of individual crystals in the ice in the 
zone adjacent to the base of the glacier is complex, but generally 
can be considered to comprise predominantly sliding of individual 
ice crystals along their basal planes parallel to the direction of 
maximum shear. Thus, because of the relative decrease in shear stress 
with distance above the bedj_ each incremental layer of ice is 
subjected to varying degress of rotational- strain in much the same 
way as the1clay cake1 of Riedel's classic experiments (see Figure £>3 
and p.158 deSitter)„ Provided that the polycrystalline ice fabric of 
the lower debris-rich zone of the glacier in which the highest shear 
stresses are developed deforms in the same manner as the 'clay cake1 
of paraffin wax used in Riedel's experiments, then two distinct sets 
of fissures can be expected to form in the ice mass. In the laboratory 
experiment on*clay cake* the 10-15° angled fissures that occur within 
the shear zone as s_hown on Figure 63 only formed after development of 
the shear zone itself, and, as such, are attributed to the dynamic 
process of shearing in such plastic materials. In a. brittle, 
non-plastic material such as rock, a more definitive shear plane 
results from such deformations, but under high stresses these shear 
zones may be composed of multiple shear joints similar to those noted 
in the clay experiments.
In Riedel's experiment the initial cracks that developed made an 
angle of 45-47° with the shear plane and were obviously tension 
cracks (gash fractures) which rotated during movement, the angle 
gradually increasing to between 50° and 60° as further shear reoriented 
the pre-existing fissure planes. New cracks, with a 45° angle were 
then formed and these in. turn rotated in accordance with the shearing
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Note: Orientation of fissuring developed in basal zone of glacier 
will depend on governing shear stress conditions as indicated 
on Figure 62.
movement. Such tension cracks parallel the major principal stress 
direction for such a shearing configuration. Similar features are 
evident in rock and are termed feather joints (Cloos, 1932), They are 
often used to provide a diagnostic indicator of fault movements 
(Hancock, 1968).
Applied to the case of glacier ice not frozen to the bed but moving 
over a firm substratum at the base of the moving ice a region of 
plastic shear can be anticipated to develop within which low angle 
fissures form in a completely restructured parent material in a 
manner akin to the shear zone of Riedel's experiments. Above this 
plastic zone development of the typical tension fractures parallel to 
the 0^ direction would be expected. Within a firm substratusM at some 
distance below the interface with the ice, because of the decrease 
in shearing stress with depth (see Figure 62. ), it is to be anticipated 
that no plastic deformation of the material would occur but rather 
tension fractures normal to^the maximum local principal stress 
direction prevailing in the substratum would be created. In addition, 
at the surface of a susceptible substratum immediately adjacent to 
the glacier sole, because of comminution, possibly associated with 
high pore water pressures resulting from pressure melting at the ice/ 1 
substrata interface, a zone of plastic shear, or at least of significant 
deformation, could occur. Such zones are exemplified at Brenig by 
the surface drag features evident in some of the highly cleaved weak 
metasiltstones such--as-are shown in Chapter 9 on Figure 76.
The discontinuity patterns that, would be anticipated to occur in the 
bedrock and in the lodgement till deposited from such a glacier passing 
over a relatively weak bedrock, based on the previously discussed 
analogy to experiments on plastic clays, are shown in section and in 
stereonet form on Figure
For the case of a cold based glacier over-riding freshly deposited 
sediments that are waterlogged or over-riding other weak materials 
that can be easily refrozen to the glacier sole but which are not 
sufficiently consolidated to provide a significant contrast in material 
strength to the basal zone of dirt-laden ice that is undergoing plastic 
shear, the shearing stress imparted by the glacier will be transmitted 
down through this frozen bed material so that the bed effectively
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becomes part of the basal zone of the glacier. As a consequence, the 
effective sole of the glacier marked by the 0° isotherm migrates 
downwards into the previously deposited sediments as shown on Figure 4-3 
and remoulding, shearing and restructuring of the sediments occurs 
giving rise to all the classic structures of newly deposited lodgement 
till. Tensional and shear fissures develop which dip in an up-glacier 
direction in contrast to the prevailing down-glacier dip of the 
discontinuity suites produced in over-ridden materials which have 
not been refrozen and incorporated as part of the basal zone of the 
glacier (see Figures 62 and 64).
At Brenig where, during the latter stages of ice retreat^ the glacier 
is considered to have pulsed out over a proglacial lake such that the 
previously deposited drumlinized till masses were over-ridden several 
times by the wet-based partially floating ice, the exposed consolidated 
till areas are expected not to have been refrozen to the base of the 
ice mass. Rather they would have-been over-ndc\en ©n masse, thereby 
creating a fissure pattern similar to that shown for the bed material 
in Figure 64.
■ o
Within the till exposed on the main ch.920 drumlin, both the 50-70
dipping fissures and the 10-15° dipping fissures commonly appear to
be cross-cut by some of the near vertical fissure suites that are
interpreted as desiccation features related to the final consolidation
phase of till deposition. However, based on observations at Brenig
and from inferences from the data presented for similar deposits
elsewhere (e.g. Kazi and Knill 1973, McGown 1974), it is apparent
that three distinct fissure orientations occur in Pleistocene deposits
that may all be of primary glacial origin and not be the result of
subsequent consolidation and weathering processes. The three fissure
suites in tills which have not been subsequently over-ridden are
considered to comprise:
—  a low angle bedding suite which is predominantly oriented 
at 5 -20° up-glacier with a weak conjugate set dipping at 
an equal and opposite angle down-glacier and which together 
give rise to the fissures bounding individual soil peds 
forming the classic wafer-like macrofissility of the 
lodgement tills,
—  a suite of 50-70° dipping fissures which predominantly dip 
up-glacier and are associated with a weak conjugate set
199.
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dipping at an equal and opposite angle down-glacier;and 
—  several sub-vertical fissure suites, one at least of which 
is oriented almost parallel to the direction of the bedding 
fissures- and to the 50-70° dipping fissure suite. However, 
perhaps the most commonly represented sub-vertical set is 
oriented almost at right angles to the dominant trend of 
the other non-vertical fissures and is thereby angled 
parallel to the direction of ice advance. Other frequently
well represented sets appear to lie conjugate to the
inferred ice direction with the dihedral angle between the 
fissure planes and the axis of ice movement varying between 
15 and 60°.
The characteristic pattern of the low angle and 50-70° fissures is 
plotted in polar form on a lower hemisphere stereonet on Figure 64a. 
For the case of over-ridden materials, for both the 50-70° and 10-15°
angle fissure suites, the down-glacier dipping conjugate set, perhaps
as a result of elastic release perpendicular to the prevailing stress 
pattern in the ice after ice removaly often becomes the dominant 
fissure suite. The typical pattern of fissures, as represented on 
the stereonet for this situation, is shown on Figure 64b. The 
remarkable similarity of both of these patterns to that of the ice 
crystal fabric is apparent when these stereonets are compared with 
Figure 36 in Chapter 7.
Returning to the stereonet for the fissuring recorded in the Brenig 
drumlin (see Figure 61) and labelling the 10° 'bedding' fissures 
set F^, and the 70° dipping fissures set F2 , the direction of the 
intermediate principal stress, cr^f can be inferred from the location 
of the intersection line, 0B (in this case, 6° towards N100°E). The 
other two principal stress axes, lying in a plane at right angles to 
0B, converge on a great circle for which the point of intersection,
B, is the pole.. The trace of this great circle, the intermediate 
principal plane, is shown by the arc ACD. The dihedral (or included) 
angle between the two primary fissure planes, measured along this 
great circle, from Figure 61, is noted to be almost 60°. The 
bisector of this angle, if the 10° and 70° fissures are considered 
as shear fissures both produced by subhorizontal movement of the ice, 
provides an estimate of the major principal stress direction of 
40° towards N007°E*
If, on the other hand, the analogy to Riedel's experimental work is
assumed, then the 70° fissure suite can be considered as rotated
tensional fissures produced during basal .shear* Thus, the major
principal stress cr^ , which in this case will dip in the direction of
o
ice advance, is oriented at some angle less than 70 towards some 
point between N007° and N018°E. It is noteworthy that this azimuth 
and that inferred from the previous considerations are both close to 
the orientation of the axis of the drumlin. The minor principal 
stress direction, for either case can be readily determined by
traversing 90° from the selected position along the great circle of 
the intermediate principal plane (ACD) to a point at or south of the 
location shown on Figure 61.
For the case of freshly deposited till where, from other evidence, 
no subsequent over-riding or pulsing has occured since consolidation 
of the material, or for materials which have been plastically 
deformed due to incorporation in the basal zone of the over-riding 
ice, the principal stress directions, if inferred based on the type 
of pattern suggested on Figure' 64a-, would infer a major principal 
stress direction subparallel _to and dipping less than the 50-70° 
dipping fissure suite. The pole to the fissure suite would thus 
approximately represent the original o^ direction at the time of till 
deposition (i.e. point F^ on Figure 64a).
- Inference of en-masse shear strength of fissured till
As well as providing a good indication of the ice-induced stress
directions, the relationship of the fissure angles to the inferred
stress directions can be utilized to derive a measure of the shear
strength of the till en masse, noting that the angle between the
major principal stress direction and: the-plane-of shearing is
(45 - 0 1) (Taylor, 1948). Accordingly, taking the approach that
the 50-70° and-the'10-15° fissure planes are complementary shear
planes oriented either side of the major principal stress direction
as shown on Figure a  , the friction angle, 0 1, for the till mass
comprising the main drumlin at Brenig can be readily deduced to lie in
o
the range from 28 to 35 , with the average value being of the order of 
32°. Unfortunately, taking the approach that the 10-15° fissures are 
dynamic shear features and the 50-70° fissures are rotational tension/
gash fractures, it is not directly possible to infer frictional 
strength values as the degree of rotation of these fractures from an 
initial angle of about 45 with the plane of shearing has been altered 
to a steeper angle by further, shear. The degree of rotation that has 
occured, although influenced by the strength of the till material, is 
essentially governed by the magnitude of shear movement which in this 
case is unknown.
- Dependance of clast fabric interpretation on pebble shape
Throughout the foregoing discussion on fissure orientation the 
particular geotechnically relevant problem of the description of 
the surface of fissures was discussed. A similar descriptive problem 
can and does occur in the glaciological (genetic) characterization 
of till fabric from clast dip and dip direction measurements (Holmes 
1947, Andrews and Smith 1970).
As discussed in Chapter 4, the author has attempted to consistently 
measure only the a-axis dip and dip direction of blade (arrowhead, 
wedge) or rod shaped stones for plotting fabric stereonets as- this 
orientation is known to be a  good indicator of overall structure 
and of the direction of ice movement. In many cases at Brenig, 
however, because of the cleaved and bedded nature of the metasiltstone 
bedrock in the vicinity of the dam site, tabular, platy and disc shaped 
pebbles were found to form a very common clast component in the tills. 
Accordingly, for the main ch.950 drumlin, composite stereonets have 
been plotted from measurements at five separate locations from ch.900 
to ch.1014. Figure 65 shows the a-axis plots for all clasts measured, 
the a-axis plots for blade and rod shaped stones, and the pole plots 
to a-b planes of both data sets. It can be seen that the clear 
maximum concentration, evident in the a-axis contoured plot of the 
blade-shaped stones, when compared with all of the till clasts, 
disappears when the data 'is plotted as pole diagrams. However, it 
is worthwhile noting that the a-axis concentration shown on stereonet 
(b) and to a' lesser extent on stereonet (a) distinctly suggests a 
southward dip to the clast fabric which is not as clearly,shown by 
the plots on stereonets (c) and (d) for the entire data set. In 
fact, it is apparent from the data presented on stereonet (d) that 
the two maxima indicated on the net represent not two ice directions, 
nor two clast fabrics, but just different types of pebble sized clasts.
A-axes to blade shaped clasts
(a) STEREONET (SCATTER DIAGRAM) (b) FABRIC DIAGRAM FOR CONSPICUOUS
FOR POLES TO a-b PLANES OF BLADE AND ROD SHAPED CLASTS
BLADE SHAPED CLASTS FROM DRUMLINISED TILL
Note: Data compiled from clast measurements at ch.910+10, 
920+23,925+21,1015-20 and 1040+25
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FIGURE 65 COMPARISON OF FABRIC PATTERNS FOR DIFFERENT SHAPED 
TILL CLASTS.
Fabric stereonets (a) & (b) derived from blade (wedge, 
arrowhead) and rod shaped stones. Fabric stereonets 
(c) & (d) derived from tabular, ovoid, discoid or 
rhomboid as well as blades and rods.
This observation confirms the measurements by Holmes (1941) and by 
many workers since that the preferred orientation of tabular and 
platy clasts is transverse to the major ice flow direction. It is 
therefore immediately evident that it is critically important in any 
clast fabric analysis that pebble shape be carefully checked in order 
to avoid 'mixing apples and oranges' and thereby undermining any 
deductions made from the final stereonets.
In addition to the complications provided by pebble shape, the 
plotting technique itself can give rise to misleading results.
It is for this reason that the author has avoided using pole plots 
throughout this chapter. The fact that nearly all till fabric dips 
are within 10-30° of the horizontal means that when such clast dips 
are plotted as poles to the- a-b plane (a common convention), the 
poles tend to concentrate at the centre of the stereonet, often 
clouding any distinctive orientation data. Comparison of stereonet
(a), the pole plot to the a-*b planes of blade shaped stones, with 
stereonet (b), the a-axis plot of blade sloped stones, indicates 
clearly the difficulty of inferring from stereonet (a) that the 
major clast dip is towards the south west at between 5° and 20°.
The difficulty is more than doubled if pole plots to a 'mixed bag' 
of pebble sized clasts are used as the basis for inferring till 
fabric (see Stereonet (c)).
(iii) Pseudo-homogeneous matrix-dominated melt-out tills of 
the saddle area of the dam site
Matrix-dominated greenish grey tills similar in colour to the tills 
found at depth in the drumlins were found to be common from ch.400 
to ch.700,, front’, ch.860 to ch.910, and from ch. 1020 to ch. 1060 (see 
Figure 22). In addition, the vast majority of the matrix-dominated 
till exposed in the till core borrow area was of greenish grey 
colouration and of similar appearance to the-tills of the saddle 
area.
- Material Characteristics
The characteristic feature tha-t distinguishes the1 saddle area tills 
from the similar coloured tills within the core trench excavations
through the drumlins is the general lack of either the pronounced 
obliquely oriented fissuring or the ubiquitous low angle macro- 
fissility seen in the drumlinized tills. Instead, the majority of 
the tills found over the central foundation area between the drumlins 
tended to exhibit only occasional oblique fissures and some poorly 
developed macrofissility, the latter in many cases appearing more 
akin to sedimentary bedding than to shear fissuring (as evidenced 
by thin sand or silt beds oriented in the same general direction).
The near vertical fissuring, however, that occurs in the drumlinized 
tills is also evident in these tills along with a weakly developed 
orthogonal fissure set. This pattern of subvertical fissuring is 
also prevalent in the rhythmites (compare the stereonet on Figure 66 
for a typical saddle area till at c h . 0+00 with the stereonet for 
ch.740+90).
- Clast Fabric
The clast fabric of many of the saddle area tills is more random 
and the dip of the major concentration of the a-axes of blade shaped 
stones less marked than in the tills of the drumlin areas. In 
general, although the plane in which the included clasts-lie is of 
similar dip to that indicated from the stereonets for the drumlinized 
areas, the measured a-axes of the clasts in many of the saddle area 
tills appear to lie both parallel and transverse to the dominant 
clast orientation determined from the drumlinized tills (compare 
the stereonets for tills at ch.655+15 and ch.1040+25 on Figures 67 
and 68 with that for ch.920+23 on Figure 68). It is noteworthy, 
nevertheless, that the dip direction of the girdle fabric shown on 
the stereonets for both of the saddle area -bills is oriented in the 
same direction as the trend of the fabric of the drumlinized till.
For each of the three stereonets, the dip of the plane of the blade­
shaped clasts is between 5° and 20° towards N180-220°E, with a
ogeneral dip averaging about 10 .
The evidence that imbrication of clasts with a single dip direction 
is largely absent in these tills and that in addition at least two 
modes exist (the major concentration dipping preferentially towards 
the south west and the other tending to dip transverse to this 
direction i.e. north west and east-south-east) and that such tills
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exhibit little jointing and also tend to be less stiff than those 
adjacent to the drumlin^ all suggest that these particular tills 
are melt-out tills. In addition, the fact that such tills tend to 
infill lowlying areas between hummocky ridges comprised of steeply 
dipping, heavily faulted, imbricately bedded sand and gravel deposits 
is a further indication that the majority of these tills are of 
ice contact/disintegration melt-out origin.
“ Inference of ice thickness from clast fabric
Using the relationship suggested by Boulton (1971) (see Chapter 7) 
that most melt-out tills are derived from glaciers with 45° foliation 
angles, it is possible to estimate the original ice thickness from 
which such melt-out tills were derived.
In the central-section of the saddle area of the core trench between 
the two drumlins, at the maximum thickness in the ch.560 area, based 
on the borehole records discussed in Chapter 3 it is considered that 
approximately 25 metres of melt-out till occurs. Boulton gives the 
following approximate relationship between the debris:ice percentage, 
for recently deposited till, expressed in terms of the original ice 
foliation and the dip of the clasts in the till as
Thus, assuming that throughout, the till has remained saturated and 
that normal consolidation of the till has occured (i.e. from a void 
ratio of about 0.6 immediately following deposition -i.e. the case 
Boulton considered - to about 0.4, typical for most of this type of 
Brenig till) (see Chapter il), then the original ice thickness at 
Brenig may be estimated as follows:
x _ tan 6 
100 ~ tan oo
where 9 is the dip of the till clasts, in 
this case,of the girdle fabric
C i .e . 10°)
and oit is the glacier ice foliation angle 
. approximately 45°^ )
Ice thickness, I = . (1 + e ) . ta n^
(1 + e ) ° tan 9t •
where d^ is the existing till thickness 
is the existing till void patio
eQ is the till void ratio when 
originally deposited 
and oi and 9 are as defined previously.
For the case of a 25m thickness of melt-out till (as occurs for 
example at ch.560), based on the above approach and using a clast 
fabric dip of 10°, an estimated ice thickness for the deposition of 
the till is of the order of 160m. If the minimum and maximum clast 
fabric dips are used, the range of estimated ice thickness varies 
between 80m and 330m, which is well within the range either back- 
calculated from oedometer tests (see Chapterll) or inferred from 
topographic considerations such as the location of ice divides 
and overflow channels (see Chapter 9).
These thickness estimates probably err on the low side for a number 
of reasons* Two specific instances that could give rise to significant 
errors in the above calculations are: the significant depth of 
weathering at the dam site^ which suggests that,in the early part 
of the Pleistocene, following deposition of the tills, the ground 
water table was considerably lower than at present, thereby indicating 
that the tills did not always remain saturated throughout their entire 
depth: and the probable effect of flow till production; as it is 
probable that during downwasting of the glacier, much of the debris 
from the melting ice mass, which might have given rise to melt-out 
till, became part of the general flow till blanket which has since 
flowed downslope off the saddle area into the adjacent valley divides.
(iv) Soft, crudely bedded, matrix-dominated waterlain paratills
Although most of the tills of the saddle area are similar, some of 
the softer grey tills in the ch.500 to ch.600 area of the core trench, 
and in some of the saddle area boreholes, exhibit crude stratification 
and include sedimentary laminations. Furthermore, because of the 
relationship of some of these crudely bedded tills to adjacent 
glacilacustrine and fluvioglacial deposits, it is inferred that they 
may have been deposited under sub-aqueous conditions.
- Clast fabric and sedimentary structure
Clast sizes over a few metres thickness of such tills tend to exhibit a 
cyclical change in grain size with depth, with the base of an identifiable 
till unit being marked by a thin clay-rich zone or rhythmite horizon. 
Several such sequences can occur within a short vertical distance.
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A characteristic feature of such till cycles appears to be an initial 
upward coarsening of clast material. This coarsening is followed by 
further upward fining of the sequence. Occasionally laminations or 
even current bedding occur at the top of the unit where sometimes 
such till units are overlain by a rhythmite silt or silty clay 
horizon. One clast fabric analysis carried out at ch.655 + 15 on 
the downstream side of the core trench immediately adjacent to a 
laminated sand lens revealed a fabric pattern markedly at variance 
with any of the fabric diagrams collected from the tills of the 
drumlinized areas or from tills considered to be of flow till origin 
(see Figure (s.f ) » This fabric analysis indicates 3. rather random 
pebble orientation with the characteristic low angle clast maximum 
observed in most tills not being overly dominant but with the 
development of a weak,but noticeable,near vertical, slightly southward 
dipping fabric.
From examination of the juxtaposition of the clasts in this till 
with, the sedimentary structures evident in a sand lens adjacent 
to the sample site, it was noted that the flat-lying blade shaped 
stones in the till tended to be aligned parallel with the bedding 
observed in the sands. The more steeply dipping pebble sized clasts 
were observed to be more ovoid and pjjraroidicallj shaped than the flat 
lying stones which tended to tabular and blade shape#. The steeply 
dipping clasts appear to represent "drop stones" into the tills. 
Occasional examples of such stones showed evidence of where they had 
punched through a fine silt parting in the silty clay matrix of the 
till (see Figure 69 )•
The vertical distribution of such "drop stones" also is of interest, 
in that the dropstones at this particular site seem to be locally 
clustered around the contact between what appear to be typical 
metrix-dominated melt-out tills, within which till clasts are 
characteristically oriented; and the overlying,weakly bedded,silty 
clays which grade upwards into rhythmically bedded materials. Within 
both units dropstones appear to be well distributed (see detail A 
of Figure 69). , •
Another diagnostic feature of these tills is their complete lack of 
the characteristic low angle fissuring observed in the drumlinized 
tills. This lack of macrofissility combined with the crude bedding,
C/wfltT (niw) 
4-100 —
1-50 -
0 -
-5D -
-IjX) -
T ^ r a A a t w *  - H v n ^ b  s i l t "  b a c k  inft> - K U  o v e *"
ISQ —  3<ro *i»v» fv-atuihvvi
RWyfkmuuk^ LiAA*4  dkzhto. 
tpuuuib cU^cvj Svit
WvH> <rccait/niA ttr^o
h«a^ ba** w/hc^ e. 
Urttl" i«.Q'»n«s SJndtj uifa 
cUjfWbei. bc/cli*^
U .  34-3.02-»»
!e*cl)
4s- jtfff bUuK *»^*e*uA 
silhj cpwduj u  jtytlj 
o b W ^  c l a ^  f i l l
DETAIL A
Firm* -b> ahff vjelUwijb brawn 
Jilh j clay 7\LL. A f t a  tff  d i s h  f a b r i c  3n a L j * i &
See jtfcSCrtflJ' cm Piijw/t 6T
DETAIL B showing 
dropstone disturbance of parting
■ ZJ> & EV / /a
SECTION OF DOWNSTREAM 
BATTER OF CORE TRENCH 
(looking South)
FIGURE 69- SKETCHES SHOWING DETAIL OF DISTURBANCE IN SANDY LENS 
WITHIN TILL AT CH. 660+15 ON DOWNSTREAM SIDE OF CORE 
TRENCH.
the soft, silty nature of the material and the distinctive clast 
fabric suggests that such tills, if laid down sub-aqueously, were 
often.laid down in relatively calm conditions.
- Association with glacilacustrine deposits
Adjacent to some exposures of this type of till along the upstream 
toe of the dam (see Figure 23), abrupt lateral changes immaterial 
composition were noted. Several trench sidewall sections indicated 
the overlapping of crudely bedded, greenish-grey, matrix-dominated 
till deposits with lacustrine silts and clays and with bedded gravel 
deposits. In some cases, individual lacustrine beds were found to 
terminate abruptly against disturbed till deposits, for example at 
ch.840+170 in Trench T12 (see location plan, Figure 23),
As can be seen from the section of the trench shown on Figure 70, 
at the junction between the till and rhythmite deposits, several 
distinct sub-vertical fissure planes occur. These tend to be 
associated with a zone where individual sandy laminations within the 
silty rhythmite unit are contorted and disturbed. Traces of "flame" 
structures are also evident in this zone as shown on the detailed 
inset on Figure 70. Such interrelationships are considered by the 
author to have originated more or less contemporaneously.
Deposition of these rhythmite beds is thought to have occured in a 
pro-glacial lake, (see Chapter 9) such that the till deposits * 
described above, because of their interlayering with the rhythmites, 
would most probably have been deposited under water from floating 
ice or from melting-out of trapped ice on the lake bed. The suggestion 
of crude bedding in places, of layered cyclicity of clast grain sizes 
with depth, together with the commonly noted interrelationship of 
these fairly soft clast-free, matrix-dominated tills with adjacent 
glacilacustrine deposits are all indicative that a large number of 
such till deposits in the upstream saddle area of the dam site are 
of waterlain origin. The gradation and engineering properties, 
and the tendency to an openwork fabric noted in samples of these 
tills when examined using the scanning electron microscope (see 
discussion in Chapter 11), further point to the similarity of these 
tills to the glacilacustrine deposits. In fact, the charateristics 
of the two types of material are often so similar, as the influence
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of the occasional clasts in such tills hardly affects the material 
behaviour, that for most engineering purposes such waterlain tills 
are best considered akin to the more homogeneous glacilacustrine 
clayey silts.
(v) Imbricate, clast-dominated basal deformation till
In some areas of the foundations at Brenig, a conspicuous 3-6m 
thick basal till zone occurs overlying the cleaved metasiltstone 
bedrock. The material found in this zone is considerably different 
from any of the overlying tills, in that it comprises upwards of 
60% rock fragments which have been dislodged from the parent rock 
mass but have not been transported more than a few metres or tens 
of metres. -
During excavation.of the core trench in the'ch.300-350 area, the 
author had the opportunity to examine large scale exposures of this 
till. A distinctive transition zone was noted upwards from the intact 
highly-cleaved metasiltstone bedrock,through similar strata with 
subparallel shear planes controlled largely by the bedding dip in 
the parent rock,through a zone of deformation till into the more 
typical fissured lodgement tills previously discussed.
In an attempt,in the ch.260-380 area of the core trench,to delineate 
a suitable depth at which to stop the tube a manchette grout holes 
beneath the core in the glacial deposits and,in order to establish 
a criterion for conventional rock grouting, the author made a visual 
assessment of the transition zone between the intact bedrock and the 
typical grey, matrix-dominated lodgement till, both from a series of 
boreholes.and from the core trench excavations at ch.320* The basis 
of this visual assessment of the transition zone is given on Table 8, 
which sets out the criteria by which bedrock and till were delineated 
and by which, on the basis of penetration rates and water flush 
criteria, the type of grouting could be selected. The gradation 
divisions shown on Table 8  were devised by the author to correspond 
both with the typical weathering grade rock classification recommended 
in the QJEG working party report on core logging (1970) and with the 
classification erected on similar lines by Chandler and Davis (1969) 
for the characterization of the Keuper Marl.
TABLE Q
WEATHERING grades of bedrock and transition zone to deformation till
GRADE I
Intact Insitu 
Bedrock
Fresh (unweathered) metasiltstone. Rock material 
generally bluish grey to black. Cleavage and bedding 
planes tight. No evidence of iron staining.*
(Water flush grey).
■' GRADE II
Slightly weathered metasiltstone. Rock material 
generally bluish grey. Adjacent to cleavage and 
bedding planes rock is stained and colouration is 
generally light, slightly yellowish-grey. Orange-red* 
staining often is evident on well developed cleavage 
or bedding planes. (Water flush grey/brown).
GRADE III
Moderately weathered metasiltstone. Rock material 
generally in place and comprising rhomboidal 
fragments which are yellowish-grey or cream coloured 
on the outside but contain central bluish-grey cores. 
Individual fragments are frequently heavily limonite 
stained giving rise to a yellowish-orange coating 
on all bedding and cleavage surfaces. Occasional 
discontinuities may contain reddish-orange* silty 
clay. Bedding plane shears often occur. (Water 
flush brownish grey).
GRADE IV
Transition Zone to 
Deformation Till
Although comprising greater than 80% rock this 
material really constitutes the basal zone of the 
deformation till. Individual rock fragments (litho 
-relicts) are completely detached one from another 
and surrounded by a thin skin of orange-brown* silty 
clay. Such clasts have been tilted by ice movement, 
such that individual rock fragments, whatever their 
original dip, with distance from the bedrock are 
becoming reoriented to dip up-glacier. Bedding plane 
shears are common and frequently clay filled. (Water 
flush brownish orange).
GRADE V 
Deformation Till
The condition of the metasiltstone. bedrock has 
degraded such that individual rock fragments are 
weak and weathered throughout. Such rock fragments 
arg imbricately bedded in a direction dipping up- 
glacier. Individual fragments exhibit rounding 
resulting from abrasion during transportation by the 
ice, such that this zone comprises aligned, angular, 
fine and medium gravel sized clasts set within a 
matrix of orange-brown* sandy silty clay. Often the 
imbrication of clasts tends to follow prominent clay 
filled bedding plane shears. Fissuring of the material 
is occasionally evident. (Water flush brownish orange)...
GRADE VI
Basal Lodgement | 
Till
The material exhibits none of the structure of the 
parent rock mass. Evidence of conspicuous shearing 
along the original rock bedding plane orientation 
is absent'. Instead, the macrofissility common to 
all lodgement tills is evident. Bedding fissures 
occur delineating individual zones of imbricate 
clasts. Such till clasts are all imbricately 
bedded, with a preferred dip up-glacier. Most 
clasts are subangular to rounded and appear to 
have been transported some distance from their 
bedrock source, although the'ir derivation is still 
of local origin. The orange-brown* till matrix is 
more cohesive than in zones IV and V. (Water 
flush brown).
* Note:the distinctive orange-brown colouration of the matrix and 
clasts of the deformation till arises from slowly disseminating 
iron present in the upward percolating ground water within the 
bedrock.
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Apart from the obvious change in clast percentages which occur in 
the transition upwards from intact bedrock (Grade I) into the till 
proper (Grade VI), the heavy limonite and haematite staining of the 
permeable zone of both the upper bedrock and the deformation till 
clearly delineate the boundary between the materials when not exposed 
for immediate visual inspection.
During the exploratory boring investigations and during the grouting 
operations the change from the g*ey lodgement tills downwards into 
the orange deformation tills was readily delineated by virtue of 
the distinctive flush colour change when drilling using water flush. 
Similarly, the boundary between the intact bedrock and the orange 
deformation till was identified both by a change in penetration rate 
and by a marked change in flush colour from brown in the deformation 
till and highly weathered bedrock to grey once bedrock fresher than 
grade II-III had been encountered (see Table 8 ).
It is important to note that the characteristic deformation tills 
examined in detail in the ch.320 area and known from boreholes to 
exist over much of the western (right) abutment of the dam (see 
Chapters 3 and 10) were not present along some sections of the 
exposed gritstone bedrock/drift contact zone to the east of the main 
drumlin at ch.1000, Dreimanis (1975) descibes"deformation tills in 
general to consist of partly digested local material" which can of 
course include any older till material that is incorporated into a 
later till as a result of glacial advance. Elson (1961) is more 
specific in ascribing deformation till to the material formed by 
glacially induced distortion of certain susceptible rocks suoh as 
shales and siltstones. The author considers that from an engineering 
point of view the definition of deformation till should only be 
applied to the zone of deformed bedrock which has been sheared and 
partially comminuted such that individual bedrock fragments are set 
within a soil matrix. In terms of a till description, this material 
may be considered as clast-dominated, with over 60% of the clasts; •' 
being bedrock fragments which have undergone sufficient reorientation 
to give rise to a distinctive imbrication of clasts with an up-glacier 
dip. Furthermore, some degree of_transportation of clasts should 
have occured sufficient to have given rise to a slight rounding of 
the initial angularity of the dislodged bedrock fragments. Used in
• • r  j  -■ .
this way, the definition of a deformation till can be given engineering 
significance. On the other hand, most till or soil materials that 
have been' remoulded by subsequent overriding by ice can be described 
in terms of other till types. It was therefore considered worthwhile 
by the author in evaluating the Brenig deposits to separately 
distinguish the distinctive glacial material which comprises 
inclusions of sheared and deformed bedrock as deformation till, 
particularly because its engineering characteristics are more akin 
to a poorly graded rockfill than to the more typical tills, even 
when the latter are heavily overconsolidated*
In this context, deformation tills at Brenig only occur above the 
areas of highly cleaved metasiltstone bedrock,where plucking and 
shearing by the overriding ice has allowed bedrock fragments to 
be readily incorporated into the tills. Over the gritstone bedrock 
in the immediate vicinity of the Afon Brenig valley at about dam 
ch.1090, there is no evidence of a deformation tili. Here a compact, 
typical fissured basal lodgement till was found overlying polished 
and striated bedrock. The striae were found to be aligned at N019°E, 
almost exactly parallel to the main drumlin axis. The type of rock 
over which the glacier passes is therefore critical to whether 
deformation tills per se are created.
- Sub-horizontal glacial shear planes
At ch.1250, on the eastern(left) abutment, a well-developed glacial 
shear was recorded by the author within the bedrock. The sheared 
bedrock was encountered beneath a 1.5m thick zone of deformation till, 
in which the typical 55-60° northward dipping cleavage of the underlying 
metasiltstone bedrock was reoriented over the thickness of the till 
to dip between 75° and 85° south (see Figure 76). The shear in the 
bedrock was noted to consist of a 150mm thick zone of undulating, 
striated and brecciated siltstone dipping at 4° towards N340°E.
The surface -of the brecciated zone was found to undulate sinusoidally, 
resembling the typical flutings found at the base of some of the tills 
in the river area. The wavelength of the flutings was recorded as 
300mm, the amplitude of the flutes was 20mm and the orientation of 
the crests of the flutes was N018°E. This orientation again corresponds 
closely with the drumlin axis.
Detailed examination of the pattern of shearing of the bedding planes 
in the rock beneath the deformation till, of the interface at the base 
of the deformation till and of the discontinuity planes separating 
rock remnants in the deformation till in the ch.1200 area of the core 
trench,all suggest that two low angle shear planes occur. The dominant 
plane tends to dip between 5° and 15° northwards while the other plane 
has almost identical strike but dips more or less consistently at 
10° southwards. From comparison of these planes with the structure 
of the lodgement till of the drumlin area or with the structure of 
the till directly overlying the deformation till at ch.1250, it is 
inferred by the author that the northward-dipping low-angle shears 
correspond with the primary, low-angle 'bedding' fissures evident 
in the lodgement till, while the southward-dipping shears correspond 
with the foliation dip of the lodgement till fabric, as indicated 
by the a-axis orientation of blade shaped clasts and by the 
orientation of the macrofissility of such lodged tills.
In addition to the specific shear planes identified at the base of 
and within the deformation tills of the east abutment, other, near­
horizontal glacial shears were traced in the rock by the author 
following along weal; bedding planes and cross-cutting on primary 
joints in the rock, Individual shear zones of this type could be 
followed step-like up the dam abutment at more or less the same 
depth from the original ground surface. Several such parallel planes 
were identified within the bedrock exposed in the core trench between 
ch.1130 and 1250. Each exhibited clay infilling and some local 
brecciation of the rock adjacent to the shear plane. Further examples 
of such planes were inferred from the depths recorded to significant 
clay seams identified during t|ie curtain grouting beneath the core 
trench. The data from the grouting records suggested that such 
glacial shears are extensive, are parallel to the rock surface, and ' 
exist within the foundations to depths of at least 6m below the rock 
surface. Such features are not unique to Brenig. Similar clay filled 
shear zones also assumed to be of glacial origin were identified at 
Brianne Dam in South Wales (Rawlings 1971) and at depths of up to 
10m at several other sites around the United Kingdom (Knill 1968).
This evidence of extensive, deep, glacial shears parallel to the 
bedrock topography, when considered with the inferences from the
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work of Sauer (1974) regarding deep glacial thrusting of bedrock, 
together strongly suggest that the transition from intact bedrock 
totally unaffected by glacial overriding to the classic lodgement 
and melt-out tills described earlier in this chapter is often a zone 
of considerable thickness.
Unfortunately, this zone, which includes the imbricate deformation 
till, is all too frequently ignored in site investigations in glacial 
terrain where the classic "3m penetration into the rock" is all that 
is undertaken in order to "prove rock". At Brenig, this zone proved 
to be of considerable engineering significance in that although forming 
the most permeable stratum on site it also tended to be difficult to 
grout, being essentially a partially clay-filled, extensively 
brecciated rock mass,which contained water under a slight artesian 
head relative to the existing ground surface prior to the dam 
construction.
(b) Ice contact,"disintegration and fluvioglacial deposits
Throughout much of the width and over many parts- of the thickness of 
the drift deposits infilling the saddle area of the dam site and also 
throughout much of the core of the ch.920 drumlin, extensive thicknesses 
of gravelly tills, gravels and bedded sand depost-ts occur.
Many of the more open-work gravels examined by the author in the 
surface exposures oocur in sinuous ridges or in distinctive mounds, 
most of which occur towards the upstream toe of the dam site. In 
between the areas of gravels and sands,frequently zones of soft, crudely 
bedded till of assumed waterlaid origin occur. In other cases, 
particularly on the valley flanks, significant thicknesses of 
imbricately-bedded flow till have been mapped.
- Topographic relationships of the various disintegration 
deposits _
From the detailed aerial photointerpretation carried out by the author 
of the dam site and southern section of the reservoir (see Chapter 2) 
and from the data from the foundation preparation mapping and logging 
of the upstream toe trenches it has been possible to identify most 
major types of ice contact feature at Brenig. On the basis of this
mapping and by examinations of the deposits both in cut section and 
also from borehole cores, it is considered that at Brenig, at least, 
two distinctive orientation trends can be recognized in the disposition 
of significant topographic features ascribed by the author to be of 
ice contact or disintegration origin. Of these two specific orien­
tation trends of identifiable ridges,one trend tends to radiate outwards 
from approximately the mid-point of the southern part of the saddle 
area of the dam site in a manner similar to spokes of a wheel. The 
other trend appears to be aligned more or less at right angles to the 
radiating trend and as such tends to form concentric arcs enveloping 
the upstream toe trench area, the concave section of individual arcs 
inevitably being oriented towards the south.
In addition to the linear features evident in the saddle area,prior to 
excavating the surficial topsoil and peat,small,seemingly haphazard ' 
humps and hollows were noted by the author. Most of these non-linear 
features tended to occur within areas bounded by concentric ridge 
forms. On excavation,most"bf the mound-like features were found to 
comprise gravel or gravelly till. In the saddle area,the majority were 
located particularly between 60 and 120m upstream of the dam centreline 
and between dam ch.650 and ch.850.
— Complications of mapping in the saddle area of the dam site
During mapping of the foundations of the dam site, because of the 
difficulties of the construction scheduling,it was very rare to expose ’ 
an entire ridge area at one time. Small sections of the ridges and 
intervening hollows were therfore mapped as available by the procedure 
outlined in Chapter 4. Furthermore,the method of excavation ofteh 
complicated the mapping and interpretation of the glaciology of the 
features over much of the saddle area. Because of' the high ground- . 
water table, the vast majority of the excavations in the low-lying 
sections of the saddle could not be undertaken with conventional 
bulldozers and motor scraper plant. Instead most of the really wet 
excavation (including removal of the peat) was carried out by dragline, 
while the drier areas were excavated using a face shovel working into 
the wetter parts from already exposed and rockfill covered areas of 
prepared 'firm' drift foundation.
As a consequence, the author found mapping and unravelling of the
interdigitation of the deposits to be relatively straightforward in
the areas excavated by face shovel as a 2-4m high face was nearly
/
always available for inspection. Things were much more difficult in 
the areas excavated by dragline as the action of the equipment tended 
to drape smears of peat and topsoil all over the top of the material 
being excavated. However, a simple compromise was arranged with the 
cooperation of the dragline driver. Prior to excavation of the 
peaty areas of the saddle, a rough rockfill haul road was established 
across a series of ridges from which the dragline could subsequently 
operate. Even in the deepest peat areas it was found that the 
dragline could effectively clear out, a 90° to 120° arc from a standing 
position, leaving two neatly cut, relatively undamaged 'sidewalls' 
to the cleaned out area. These two walls, one of which formed the 
side of the ridge on which the haul road was situated and on which 
the machine was placed, could then be rapidly inspected and salient 
details of glaciological structure mapped during the time that the 
machine was moved some 10 to 15m further along the haul road.
By this method, the majority of glaciologically interesting and all 
significant geological engineering mapping was carried out for the 
deposits in the critical saddle.area of the dam site without adversely 
compromising the construction programme.
In Chapter 7, when considering ice contact and disintegration features 
the topic was viewed from the theoretical glaciological viewpoint 
of 'mode of origin', dividing the deposits in particular between 
those deposited supraglacially and those deposited subglacially and 
englacially from those deposited fluvioglacially. In many cases 
during the foundation mapping of the saddle area it was not found 
possible to determine the mode of origin of any particular deposit 
from the visual soil mechanics type of description. However, from 
an engineering viewpoint the most significant data on the deposits 
(i.e. the continuity and material properties) could be assessed only 
after collecting and carefully compiling routine foundation mapping 
data. Accordingly the non-till materials were categorized and 
described by the author in standard soils terms, but, where possible, 
detailed sedimentological data were collected of such features as 
bedding dips, grain size cycles, imbrication angles, throw and 
orientation of faulting and location of colour changes and iron pans.
Throughout the following genetic characterization of the saddle area 
deposits, each group of materials will be subdivided in terms of 
dominant grain size as this was found by the author to provide the 
most meaningful method of field subdivision.
(i) Coarse grained deposits - predominantly gravels, sometimes
with cobbles, often with sands.
Several types of gravel deposits occur at Brenig. Interbedded, 
generally sorted gravel units with frequent coarse sand layers were 
encountered in a number of locations, notably in the cores of sinusoidal 
ridges and other topographic mounds as well as adjacent to areas of 
rhythmite deposits or crudely bedded waterlain till. Areas of sandy 
gravel, within which bedding was contorted, grain size variations were 
rapid and apparently haphazard and ‘clean1 gravel beds were generally 
absent, were common on the margins of the till masses, adjacent to 
areas of bedded sands and gravels and often adjacent to areas of flow 
till. • ' •
Frequently, the ridges and mounds which were found to contain bedded 
gravel units in the upstream toe trench area of the saddle, were also . 
found to be underlain by sand deposits or by rhythmically bedded ' 
glacilacustrine silts and clays. In trench T 9  at Ch.660 + 160 
faulting within the bedded sand and gravel deposits had given rise 
to so much disturbance that rafts of rhythmically bedded sands and 
sandy silts had been incorporated within the gravel sequence (see 
Trench Log, Figure 28>),
Much effort was. expended by the author in the saddle area of the dam 
site in delineating solely fluvioglacially deposited gravels and 
sands from ice contact gravels and sands. Such a distinction was 
deemed useful from an engineering standpoint because ice contact 
features commonly tend to include till bodies. They also tend to 
exhibit significant disturbance and faulting. Thus, although they 
form permeable stringers within other low permeability drift deposits 
in the saddle area, their presence can be related to ice controlled 
trends and thus would not necessarily be indicative of major sheets 
or fans of bedded outwash. Such extensive deposits could be of major 
engineering concern from a leakage point of view, especially as the
morphology is not distinctive and as a consequence such areas might 
not have been identified from the aerial photointerpretation.
- bedding and clast fabric analysis as a method of deposit 
characterization 
In attempting to delineate original fluvioglacial deposits which 
remained undisturbed, from esker trains which had subsequently been 
disrupted by collapse of the ice walls, the author attempted to 
evaluate trends in the bedding within individual sand and gravel 
deposits by means of fabric diagrams. As with the till fabric 
measurements, the dips of the a-axes to blade shaped clasts in the 
gravels within individual sand and gravel complexes were plotted on 
the stereonets.
The data obtained from the gravel deposits at ch.685 + 165 and 
ch.720 + 150 on the upstream margin of the dam site in the saddle 
area indicate a conspicuous imbrication of the clasts at angles
Q  Q  . .
between 30 and 50 -(see Figure faf). No single individual maximum 
occurs; rather the clasts appear to be arranged on a girdle fabric, 
the plane of which for the deposits at ch.685 + 165 dips at 50° 
towards N255°E, while that at ch. 7 2 0 1 5 0  dips at 30° towards 
N110°E. The primary bedding planes evident within the gravelly deposits 
as indicated from the sand horizons which were not markedly cross­
bedded, suggest that these sand and gravels were laid down on 
opposite sides of a shallow dish-shaped depression or on the outer 
sides of two adjacent fans of material possibly deposited by streams 
emptying out northwards into a proglacial lake (see Chapter 9).
The dip directions measured of the bedding of the gravel deposits 
are closely related to the dip of the girdle fabric of the imbrication 
of the clasts. In turn, the imbrication of the clasts is deemed to 
be ultimately related to the mode of deposition of individual pebbles 
in the fast flowing melt-waters which were responsible for transporting 
such pebbles out of the ice mass.
Close examination of individual pebbles within a typical layered 
gravel deposit in the saddle area (see sketch of gravel exposure at 
ch.740 + 100, Figure 71a ) suggests that individual plate-like gravel 
clasts lie flat side to flat side rather like a stack of records all 
tilted over.
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FIGURE 71(b) GENERALIZED STRATIGRAPHIC SECTION AT CH.740+80 
TYPICAL OF GRAVEL RIDGE EXTENDING FROM CH.690+10 
TO CH. 780+150 APPROX.
From observations made by the author at Brenig the degree of tilt of 
gravel clasts appears to be related not only to the physical size of 
individual particles but also to a certain degree to their location 
within a vertical section through a sequence of gravel units of 
more or less the same grading. It is thus considered by the author 
that the primary control governing clast imbrication dip in such 
gravel/sand sequences is current velocity. However, because of the 
relative uniformity of imbrication dip, irrespective of grain size in 
the range from pea gravel to 25mm 0 clasts in many exposures in the 
saddle area, the author considers that an important but secondary 
influence must be exerted by sediment supply. Moreover, as the largest 
clasts (typically cobble size) in any discernible gravel bed frequently 
do not conform to the general imbrication dip which can be of the order 
of 40°, but tend to lie flatter than the average (being typically 
aligned at 10-25°, dipping in the same general direction as the 
imbrication), it is suggested that current velocities,-at least at 
Brenig, were capable of moving all grain sizes less than and including 
fine to medium gravel in suspension/saltation while the coarser 
gravel and cobble fragments only moved by traction within the bed 
load of the meltwater streams.
As the sizes of the cobbles within suoh deposits are in the range of 
100 to 150mm, similar to those observed by Fahnestock (1963) (see 
Chapter 7), it is assumed that maximum meltwater flow velocities 
at Brenig were of the same order (i.e. 1.5 to 3 metres/second), which 
would have meant that in periods of maximum flow any particles less 
than 100mm diameter would have been actively transported, a possibility 
somewhat at variance with the very rapid vertical material changes 
observed in some of the bedded sands and gravels. These rapid 
variations in grain size (see sketch((b) on Figure 71 showing the 
gravel and sand deposit at ch.740 + 80) suggest that both flow 
velocities and sediment type fluctuated extremely quickly.
Similar comments may be made regarding almost all the bedded gravels 
identified at Brenig and this seems to be particularly the case 
adjacent to areas of rhythmite deposits. For example, within the 
core of the main drumlin between ch.990 and 1020 abng the dam core 
trench, an extensive thickness of bedded gravel dipping at angles 
of 20° to the north was exposed (see Plate 3  ).
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PLATE 3 EXPOSURE OF IMBRICATELY BEDDED LAYERED SAND AND 
GRAVEL SEQUENCES AT CH. 1012 IN THE CORE TRENCH.
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Comprehensive details of the oomplete sequence of variation of grain 
sizes and of clast structure of the gravel bands were recorded by 
the author from the vertical face exposed in the core trench- The 
descriptions compiled for-the section through the entire 4m thick 
bed of gravels exposed at ch. 1000 are given in T a b l e d . The 
conspicuous iron and manganese cemented imbricate bands of medium 
and coarse gravel which occur at 0-150 and 700mm above the base of 
the gravel sequence are clearly visible on Plate 3  . Also shown in 
this photograph is the typical arrangement used for determining the 
dip of the bedding in the gravels, whereby a field book was used in 
this case to provide an extension to the gravel's basal bedding 
plane surface for compass-clinometer measurement purposes.
- Characteristic fluvioglacial outwash
The origin of the bedded gravels and sands at ch.685 + 165, 720 + 150 
and 740 + 100 where the bedding planes separating sand and gravel ' 
horizons dip at angles of 8 to 12° generally northwards, appears to 
be fluviatile without significant disturbance due to ice contact.
Such gravelly units appear to be intimately related in position to 
areas of sandy rhythmites and as such tend to separate areas of 
lacustrine clayey rhythmites in much the same way as the head of 
the spreading 'fan' type underflow deposits suggested by Ashley (1971) 
(see Figure 50), These deposits can thus be confidently assigned 
a fluvioglacial origin.
- Characteristic ice contact/disintegration deposits
The steeply dipping gravels and sands found within the core trench 
at ch.1000 are located on the flank of the drumlin but are covered 
by till. The ch.1000 gravels, although dipping steeply, appear to 
be undisturbed with no evidence of faulting. However, at ch.990 on 
the downstream excavation face of the core trench, a series of 
sub-vertical faults striking at 20° to the drumlin axis were noted 
that displace individual gravel horizons by as much as 300mm vertically. 
This evidence and the haphazard till inclusions noticeable within 
other parts of the gravel suite within this same area (see abstract 
of foundation record drawing shown on Figure 72.) suggest that the 
gravel deposits forming an appreciable section of the eastern part 
of the ch.980 drumlin are of ice contact origin.
Furthermore the consistent upward coarsening of clast sizes within
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’ TABLE 9 STRATIGRAPHIC SEQUENCE THROUGH GRAVEL DEPOSITS AT 
CH. 1QOO IN CORE OF MAIN DRUMLIN.
Elevation 
above 
iron pan 
(mm)
Thickness
(mm)
i
Description
3800 - 4000 200 Mg & Fe stained and cemented medium- 
coarse .(m.c.) gravel & cobbles. 
Imbricate c,42 S w.r.t. bedding planes*
3300 - 3800 500 Stiff, yellowish, orange-brown silty 
clayey (to sand^gravelly till •
3000 - 3300 300 Mg & Fe stained and cemented small 
boulders & cobbles grading downwards 
into fine rounded gravel. Imbricate 
c,30 S w.r.t. bedding*
2300 - 3000 700 Dense (graded brownish yellow c.m.f. 
sand with a little fine gravel near top
1600 - 2300 700 ^ Three- cycles of c.m.f, sandy gravel, 
all yellowish-brown, with some Fe & Mg 
staining on coarser horizons
1250 - 1600 350 Dense purple and black (Kg & Fe) 
cemented coarse rounded gravel, cobbles 
and small boulders. (Coarse at the top 
becoming fine with depth). Imbricate 
c.35°S w.r.t. bedding*
1100 - 1250 150 Dense brownish-yellow c.m.f. sandy 
gravel, finer at base. Imbricate 
c .40 S w.r.t, bedding*
950 - 1100 150 Dense Mg & Fe Gemented med-coarse 
rounded gravel. Some clasts dip steeply 
south w.r.t. bedding*
750 - 950 200 Stiff yellowish brown/orange silty 
clayey gravelly till
550 - 750 200 Dense Mg & Fe cemented m.c. rounded 
gritstone gravel. Imbricate 45°s w.r.t. 
bedding*
150 - 550 400 Dense brownish yellow c.m.f. sandy . 
gravel becoming fine to base. Imbricate 
40°S w.r.t. bedding*
' 0 - 150 150 Iron pan (Fe & Mg cemented f.m. sandy gravel)
* Note: Bedding dips 19° towards. N008°E .. . .
General dip of medium and fine clasts w.r.t. horizontal is 21 
towards N175 E (see stereonet on Figure 68) i.e. about 40 S 
w.r.t. bedding planes.
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Note: Faults in gravel units.
the bedded gravel units is interpreted to have ocoured as a result 
of a rapid pulsation of meltwater flow. In the initial stages it 
is considered that the flow could actively transport the coarse 
material well clear of the ice front, but as flow velocities diminished 
so the coarser particles became deposited closer to the source area 
such that little or no material was transported away from the ice 
front into the outwash fans.
The disturbance seen in the ch.990 area is relatively simple compared 
with the faulting and folding that occurs in the gravel ridges in 
the ch.660 +■ 150 area, where the gravels exhibit significant contortion 
in their bedding, but also where seemingly undisturbed sections of 
bedded sand and gravel deposits have been just tilted. Where this 
tilting has taken place the. beds appear to be dipping at similar 
angles to those seen in the exposures at ch.1000, i.e. dips of 
individual beds .are of the order of 20 to 30° to the north with 
imbrication of the gravel clasts dipping at 40° to the bedding planes, 
such that clast dips with respect to the horizontal are 15 to 20° 
southwards (see Figure 73 which, shows a detail of Trench T9, the 
complete summary log of which is shown on Figure 28).
It is noteworthy that the individual blocks of 'undisturbed' but 
tilted gravels are separated by distinct faults which dip at 50° to
55° northwards and strike parallel to the inferred ice front and 
normal to the ice trend/drumlin axis (see stereonet for ch.660 + 160 .
on Figure 66). It may be significant that the orientation of these 
faults mirrors one of the primary fissure directions observed in 
the drumlinized till. However,- the fact that the orientation of 
the faulting also parallels the presumed ice front where it crosses 
both the saddle area and the Brenig valley is indicative that even 
though the precise origin of the faulting is uncertain, it is 
probably related to collapse of frozen fluvioglacial/ice contact 
outwash deposits during melting, to fracturing of already deposited 
frozen outwash materials during a pulsation/advance of the ice front 
or to some other more complex depositional process but still associated 
with the retreat and downwasting of stagnant ice masses afc the glacier 
margin. Accordingly, the gravel and sand deposits which contain such 
diagnostic faults are considered by the author to be of direct ice 
contact origin. Furthermore, because of their ridge-like form,
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FIGURE 73 DETAIL OF SIDE SECTION OF TRENCH T9 AT CH. 660+160 
SHOWING FAULTING IN GRAVELS AND ZONES OF TILTED BUT 
OTHERWISE GENERALLY UNDISTURBED RHYTHMITE DEPOSITS
oriented normal to the assumed ice front, they are interpreted as 
esker deposits because,in cross-section,they exhibit crude antiform 
bedding, while in longitudinal section they appear to exhibit steeply 
bedded/step-faulted blocks of relatively 'undisturbed* sand/gravel 
complexes (see Figure 2$ ). Observations of the geometry of the clasts 
within small undisturbed sections of such complexes suggest that fast 
northwards flowing, pulsating meltwater streams were responsible for 
the gravel deposition. Such stream directions accord well with the 
presumed location of a proglacial lake to the north of the ice front 
(see Chapter 9).
- Difficulties of geological evaluation of ice contact deposits 
The disturbed sand and gravel deposits such as described above, are 
amongst the most difficult materials to assign a mode of origin on 
the basis of borehole evidence alone. They are highly disturbed, 
frequently faulted and generally haphazardly bedded. In fact many 
of the gravel and sand deposits of this type that occur in the ceriral 
area of the dam site at Brenig contain lenses and intercalations of 
till and glacilacustrine rhythmite deposits. One borehole through 
such a sequence might exhibit a complete interlaying of thin seams 
of sand overlain by till and then by gravel, whereas adjacent holes 
could comprise almost entirely gravelly till with some sand or gravel 
stringers. Such deposits, for example those at ch.660 + 160, when 
examined in trench sections were noted by the author to be characterized 
not only by classic fault structures but also by their general’ 
randomness of clast orientation fabric when compared with other sand 
and gravel units such as at ch.685 +165 which are interpreted to 
be primarily of fluvioglacial outwash origin (see Figure 67).
The variation in elevation of the base of the body of bedded sands 
and gravels that extends from about ch.680 + 140 to ch.690 + 190 and 
which exhibits bedding dips of between 5 and 20° toward the northeast 
suggests that the sands and gravels were deposited on an upward gradient. 
The elevation of the base of the sands and gravels found along the down­
stream edge of the upstream toe trench where surveyed was nearly always 
horizontal. At ch.684 + 130 it was surveyed by the author at 338.0m
while some 60m north at ch.690 + 190 the base of the same bed was
_ / 
recorded at el. 338.4m. From boreholes IH11 and IH14 and holes to
the south on the ch.790 instrumentation line (see Figure 12) and •
also from boreholes EH7, EH8 and D53 on the ch.650 cross-section (see
Figure 13), the elevations of the base of the inferred same gravel 
unit at ch.680 + 60 is approximately el. 334,0m (see Figure 12), some 
4m lower than in the upstream toe trench area. This climbing base, 
together with the faulted, disturbed and antiform structure of the 
deposit when examined in trench T9 at ch.660 + 160 could indicate 
that these much disturbed sand and gravel ridges are of subglacial 
esker origin. The geometry suggested by the cross-section on Figure 
17 particularly appears to support this possible made of origin.
(ii) Non-stratified intercalated till and fluviatile deposits
In the central upstream toe area of the dam site frequent arcuate 
ridges of till and/or sand and gravel of relatively low relief occur 
overlying till or overlying bedded sand sequences. For example, on 
the fairly flat area on the flanks of the saddle immediately adjacent 
to ch.590 + 150 a small peat filled depression was noted in foundation 
stripping which was underlain by soft blue-grey saturated till and 
rimmed partly by similar till and partly by very gravelly till with 
occasional sandy bands. This feature, only just discernible from the 
aerial photointerpretation prior to excavation (see Figure 4*), was 
the only example of a near classic 1doughnut'• shaped kame ridge and 
hollow identified by the author at Brenig. Such features are usually 
associated with stagnant ice-block depressions (see Chapter 7). As such 
many of the arcuate and sinuous ridge-like faetures occuring in the 
upstream area of the saddle may be of kame origin. Certainly the 
haphazard bedding, the sand/gravel/till interdigitation and the general 
morphology of many of the deposits of the upstream toe trench area of 
the dam site, is indicative of the deposits having been formed from 
haphazardly deposited slumped sediments and tills laid down supra- 
glacially at the waning of the ice front. From a geotechnical point 
of view, the variation of such materials is impossible to predict, 
but the characteristic hummocky landforra features are sufficiently 
distinctive if correctly identified to forewarn the engineer of the 
presence of such interdigitated materials.
(c) Glacilacustrine Deposits
During stripping of the peat and topsoil in order to establish a 
firm foundation material on which to place the rockfill for the dam 
shoulders, several areas of laminated silty clays and sandy silts 
were encountered. Most of the rhythmically bedded silt and clay 
deposits exposed in the stripping operations and removed prior to 
establishing final foundation level were found to be underlain either 
by sandy or by gravelly till. The fact that drilling results from 
the holes being put down under the supervision of the author were 
indicating that similar deposits were present at depth in the dam 
foundation was deemed of some concern with relation to the stability 
of the dam. Accordingly, a detailed programme of investigation 
trenching and sampling was undertaken by the author to map the 
continuity of the deposits, to relate the surface deposits to the 
drilling data and to obtain undisturbed samples of representative 
materials for detailed laboratory strength and consolidation testing. 
The scope of the sampling from the 1000 linear metres of trenching 
carried out by the author at the site was discussed in Chapter 4, 
while the data frcm the drilling results was summarized in Chapter 3,
- Subdivision of rhythmite deposits - gradation and structure 
From the investigation data compiled from these sources, three major 
groups of rhythmite deposits were identified at Brenig by the author. 
The structure of the deposits in each group is visibly similar.
However, there are significant differences in grain size in the three 
groups, and although related in origin, it is likely that the deposits 
of the first group occur only on the edges of the lacustrine materials 
in delta or underflow fans in the area occupied by the pro-glacial 
lake. ,
The three sub-groups of rhythmites ares •
(i) Sand-gravel couplets. These consist of cycles of dense, 
purplish, yellow brown or grey, coarse, medium and fine sandy 
gravels with some more markedly coarse grained horizons of 
cobbles and occasionally of small boulders. The sequences are 
typically of the order of 200 to 400mm thickness and graded 
from coarse gravel at the top to fine sand at the base of the - 
cycle.
(il) Silt-sand couplets. The depositional character of these 
beds follows much the same grain size cyclical variations as 
is seen in the- gravels. However, individual rhythms- tend to 
be somewhat thinner, of the order of a few centimetres. The 
sands and sandy silts are normally bluish grey or greenish 
black. They are frequently medium dense and in places they 
exhibit marked lateral variation to coarser or finer rhythms 
when traced laterally across an exposure several metres in 
. width.
(iii) Silt-clay couplets. Traditionally these materials are 
known as varved deposits as the silt-clay rhythms were thought 
to have been deposited in glacial lakes during summer/winter 
climatic fluctuations (see Chapter 7). However, recent work 
on modern arctic sediments and the observations of the 
author on the Brenig materials suggest very strongly that not 
all deposits termed •varves' are seasonal, but may simply be 
the result of a short phase pulse in sediment supply. At 
Brenig for the purposes of detailed sample characterization 
and identification, three varieties of rhythmically bedded 
' silt-clay deposits have been recognized. These have been 
termed by the author
- Laminated: The silt/clay rhythms are usually
• composed of 2-8mm thick silty clay layers separated
by 0.5-lmm thick silt coatings. The material 
readily parts on the silt layers and can be peeled 
away in leaves or laminae
- Varved: Couplets of silty clay and clay which 
seldom total greater than lmra. The layers cannot 
readily be peeled apart but tend to tear across the 
laminae giving rise to a fibrous looking texture.
In appearance the clay layers tend to be somewhat 
'darker and often thicker than the silt layers such 
that they give the deposit in an undisturbed 
exposure the look of a closed book,
- Homogeneous: The rhythms which occur within the 
clays and silty clays forming these deposits are 
so fine grained that they are imperceptible to the 
naked eye without the use of a powerful hand lens.
- Colouration and consistency
Within each of the above rhythmite groups a further important 
subdivision was drawn by the author on the basis of weathering/oxidation 
colouration, as this was found to give rise to significant variations 
in the geotechnical properties of the materials, in particular of the 
moisture content, insitu density and void ratio.
Almost all of the coarse grained sandy deposits where wet and beneath 
the water table were found to be greenish black or purplish black 
in colour. Above the water table where oxidized, the same grain size 
materials tended, to be rusty red-brown, brownish black or purplish. 
Inevitably at the elevation of the prevailing phraetic surface within 
such deposits a distinctive iron pan of reddish brown or purplish 
black stained and cemented material occurs.
The sand, silt and clay units tend to exhibit three colourations 
depending on their saturation state. At depth in areas of complete 
saturation the glacilacustrine materials are of similar colour to 
most of the tills, i.e. greenish grey. In the oxidized zone immediately 
above the water table and at depth in sections of the dam foundations 
near the heavily haematite laden bedrock groundwater system, the 
deposits vary from brownish grey to olive grey adjacent to areas of 
typical greenish grey clays,to greyish brown or yellowish brown or 
even, in certain situations to orange brown, in heavily oxidized zones.
In the reducing zone beneath the water table adjacent to the peat, for ' 
example, the deposits are often distinctly blue grey or light blue 
and, where cohesive, the materials, tend to be much softer than 
similar deposits at depth or within the oxidized zone.
Within the typical unweathered, greenish grey cohesive rhythmite 
deposits, on the basis of handling characteristics, it was found 
that the materials could be further subdivided into two groupsj the 
soft to firm silts and silty clays which tended to occur where the 
rhythmites were of high clay content and at moisture contents close 
to or above proctor optimumj and the firm to stiff silts and silty 
clays which tended to be sandier, drier and more structured than the 
softer materials.
- Sedimentological structure and characteristiCB 
Within the broad lithological groups outlined above a distinction 
could almost always be made in fabric properties between those areas 
where relatively thin rhythmically bedded horizons occured within 
fluvioglacial or till suites and those areas where the rhythmite 
sequences spanned extensive thicknesses and occured over a large 
areal extent.
The relatively thin deposits found in the former case often tended 
to be disturbed and transitional into the surrounding parent material. 
In association with fluvioglacial deposits, rafts of rhythmically 
bedded silts, clays, sands and even gravels could remain preserved 
but at significantly steeper dip angles than that at which they had 
originally been laid down. The rhythmically bedded sequences which 
occured adjacent to or in association with till suites were generally 
found to exist either beneath or within sequences of flow tills, or 
within waterlaid paratill suites. In the latter case the boundaries 
between the rhythmite sequence and the 'till* were transitional and 
indistinct while where rhythmites were associated with flow tills 
the boundaries between the materials were sharp and often marked in 
the near surface zone by distinctive weathering typically giving rise 
to an iron pan.
At Brenig, the rhythmite sequences which occured where the deposits 
were thicker and of greater areal extent exhibited all the charact­
eristics expected for materials laid down in a fluviatile/lacustrine 
environment. In the areas where the deposits were undisturbed and 
were predominantly fine grained, and where bedded silts and clays 
prevailed, as for example in much of the upstream toe trench area 
between ch.590 + 150 and ch.860 + 180, and throughout a 3-5m thick 
sequence some 6m above the bedrock across the dam site (see Chapters 
9 and 10), the materials exhibited very uniform gradations, very 
consistent bedding thicknesses and generally shallow dips of the 
order of 5 to 10° typically towards the north.
Individual conspicuous light blue silty or sandy bedding planes in 
such sequences, because of their slight colouration contrast to the 
surrounding clay rich material, could be traced easily for considerable 
distances (some scores of metres). Other bedding planes were equally 
continuous but were more difficult to trace without the diagnostic
colour demarcation.
Within the silt and clay rhythmites, in some areas of the foundation, 
ripples were identified, particularly in the more sandy units, while 
in the other areas disturbed and convoluted laminae were noted. In 
the predominantly sandy rhythmites conspicuous cross-bedding was 
sometimes evident, for example, in the region around ch.840 + 90, 
Evidence of sedimentary structures, such as load casts and flame 
structures, was noted within the rhythmite suite, notably in the 
region around ch.695+140, although some flame structures were also 
identified near areas of 'ice dumped' till (see Figure 70).
Attempts were made by the author to construct vertical sections through 
typical sequences of coarse and fine grained rhythmite successions. In 
Table 10 is given a complete section through a rhythmically bedded 
suite of deposits located at ch.1010 + 25 within the tills of the 
flanks of the main drumlin. The zone in which the rhythmically bedded 
silty clays occur is sandwiclied between successively coarser grained 
deposits. However, the lower sequence is more sedimentologically
ordered in that a classic turbidite grading sequence is evident from 
a gravelly clay of till-like grading,possibly representing the head 
of a turbidity mudflow,through a sequence of graded gravel up into 
sand and finally into clay. The suggestipn of ripple development and 
cross-bedding in the sands suggests that a change in flow from upper 
regime (Froude No,>l) to low flow regime occurs during the deposition 
of the sands. The inclusion of a 20mm. thick sand bed that exhibits 
convoluted laminations within the rhythmically bedded silty clays 
suggests a temporary increase in flow velocity accompanied by a greater 
influx of sediment, the effect of which was to bring about minor erosion 
of the already deposited clays, thereby producing a sharp contact of 
the convoluted material over the clay as a direct result of rapid 
deposition of the sandy unit probably by shear flow. All these 
features are indicative of rapidly changing sedimentation conditions.
Such sequences probably originated close to the delta/kame fans of 
sediment accumulating in front of the ice sheet or adjacent to under­
flow fans beneath the proglacial lake (see Chapters 7 and 9).
From the geotechnical point of view such rapid variations in grain
—^  Typical greenish grey clay till
Dense orange brown f.m. sandy gravel with some clay. 
Gravel clasts imbricate at 40 . Bedding planes top 
and base of unit, 100mm spacing.
50mm thick iron pan. Cemented dark bluish mauve and 
black f.m.c. gravel with some sand.
250mm thick dense dark yellowish brown and grey silty 
sandy fine gravel with olay in parts. Gravel clasts 
are imbricate to haphazard. Bedding is graded, 
coarsest- gravel at base. Bedding planes at 150 and 
250mm from base of unit.
80mm thick stiff brownish yellow silty clay with some 
gravel fragments at top. (Possibly thin flow till or 
turbidity deposit).
Stiff light yellowish brown rhythmically bedded silty 
clay. Bedding generally planar, minor rippling evident. 
Beds typically l-3m thick in clay layers, 0.5m thick 
in silty layers.
- 150mm thick dense dark greenish grey almost black,
cross bedded to plane bedded silty fine sand with 
20mm sand layers of similar composition but exhibiting 
convoluted laminae occuring above and within clay 
sequence.
50mm thick dense greenish grey f.m.c. sand with a little 
brown fine gravel. Gravel imbricately bedded. Sand 
cross bedded at top. Plane bedded into gravel.
100mm thick dense dark greenish grey coarse sand with 
a little fine black gravel. Gravel clasts imbricate at 
30° in sand matrix. Bedding separated into gravelly 
layers and sandy layers 25-50mm thick.
70mm thick stiff brownish yellow silty gravelly clay with 
imbricate clasts 4 evidence of bedding at top(Possible 
turbidity deposit).
15mm thick iron pan of cemented gravelly till
Typical greenish grey clay till
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SEQUENCE OF RHYTHMICALLY BEDDED DEPOSITS AT CH. 1010+25.
size, if associated with turbidite sequences, can be expected to be 
of relatively linear extent in plan and of limited horizontal extent, 
as, in a downstream direction along the axis of turbidite deposition 
(see Figure 51 ), the vertical sequence of deposits, although 
maintaining a distinctive five part succession, tends to become 
1 fine . The sequence of grading that occurs from typical
turbidite deposition and that which appears to be evident in many of 
the thinner rhythmically bedded sequences at Brenig has been categorized 
by Bouma (1962), in order of depth downwards as:
(v) Fine grained, bedded argillaceous materials only
(iv) Parallel lamination, silts and clays predominantly low 
velocity (Froude No.ci 0.4 or less)
(iii) Ripple lamination, clays, silts and sands, some gravels 
at top of range, medium velocity to high velocity, 
typically cross .bedded, may develop strong anti­
dune bedforms at high velocity (Froude No. 0.4 to 1)
(ii) Parallel lamination/Plane bed, sands and gravels
predominantly, high velocity (Froude No. 1.0 to 2.5)
(i) Graded unit - coarse grained deposit at base, often with
randomly bedded gravel clasts becoming finer grained 
often with sandy gravel interlayering at top of 
unit- Gravel clasts may be imbricately bedded 
near top of unit.
- Sedimentary bedforms
The areas of extensively rhythmically bedded sands, silts and clays . 
which occur along much of the upstream toe trench area at Brenig tend 
to exhibit remarkably uniform sedimentological structures. Only 
occasionally within the more sandy units are well developed ripple 
and dune bedforms evident, suggesting that for the mos-t part deposition 
of material was accomplished by very low velocity currents. In one 
laminated sandy silt bed of the order of 500mm thickness at ch.830 + 70 
exposed during foundation preparation, an example of ripple bedding 
was sketohed by the author (see Figure W-). The ripples were noted 
to vary in wavelength from 300mm to 2m and in amplitude magnitude from 
approximately 2mm to about 30mm. The ripples show evidence of climbing 
form (Allen, 1979), w*iich indicates deposition from northward flowing
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FIGURE 74 SANDY SILT WITHIN RHYTHMITE SEQUENCE EXHIBITING
MARKED CROSS-BEDDING AND RIPPLE BEDFORMS
(SECTION SKETCHED FROM EXPOSURE AT CH. 830+70 
ADJACENT TO SITE OF BLOCK SAMPLES A TO C AND 
TUBES I AND II).
Unit A - Plane bedded to rippled, short crested ripples
X  = 100-50Qmm 
a = lQ-50nm
} - Climbing ripplesX* 300-1000nin a = 5-20mm
Unit B 
Unit C
Unit D 
Unit E
(Interfaces C/D and D/E prominent and limonite stained).
- Somewhat sandier, ripples decaying in amplitude
- Cross-bedded appearance, cross-beds dipping 5-8° north
currents. This was the only example of such well-formed ripple 
sequences that the author identified. Elsewhere, where ripples 
were evident they were less conspicuous, as the wavelengths were long 
and the amplitudes small.
The more common bedforms in the sand and silt sized deposits appeared 
to be plane laminations or a combination of plane laminations and cross­
beds. The dip of the foreset beds of most sand exposures in the eastern 
section of the saddle area indicates that deposition had occurred from 
northward flowing currents in a deltaic environment. At the base of 
most of the silty and sandy rhythmite materials,where the deposit 
was laid down on on uneven till surface,the bedding in the sediments 
was massive or mirrored the till surface for some distance up from the 
base whereupon plane laminations became dominant.
In a few locations,in the central section of the saddle,small pockets 
of sand were identified overlying rhythmically bedded silts and clays. 
Only in one location, at ch.810 +2 0, on the downstream sidq of the 
core trench was an extensive area of* sand exposed overlying finer 
grained rhythmites. At the base of this sand sequence small but quite 
conspicuous flame structures were identified on freshly cut surfaces 
as shown on Figure 75* . These flame structures comprised wisps of 
argillaceous material squeezed up into the overlying sediments, 
probably as a result of bearing failure of the argillaceous material.
As such, these flame structures indicate that the sandy materials were , 
very rapidly deposited, probably as a slump or turbidite sequence 
while. the underlying silty muds were still wet. Such structures are, 
therefore, indicative of rapid changes of material type possibly 
occuring in association with bar formation and pool deposition in part 
of one of the last stage meltwater outwash channels, emerging from the 
decaying Brenig ice mass (see Chapter 7)» The- fact that "in-the same 
area of the core trench a sequence of lenses of gravels and sands 
occurs'that completely interdigitates with the silts and d a y s  is a 
further indication that the area of the core trench between ch.790 and 
ch.840 represents the course of a major meltwater channel (see detail 
of part of the core trench foundation plan, Figure "75 ).
- Jointing and fissure fabric
As described in Chapter 4, measurements were made by the author of 
fissure orientations within tha glacilacustrine silts and clays.
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The data has been plotted on stereonets, as was undertaken for the 
till structural features (see Figure ).
In this section consideration is only given to silt and clay rhythmites 
as some description of the ster.eonets for the gravel and sand features 
was included previously and where the extensive faulting identified 
in the sands and gravels was suggested to indicate that many of the 
deposits were of ice contact origin.
In the rhythmites away from areas of disturbed and faulted gravels, 
no disturbances of similar magnitude were identified by the author. 
Instead the fissures in the rhythmically bedded silts and clays as 
exposed in the upstream toe trench and elsewhere were found to be 
generally regular and steep angled. The most marked fissure set was 
found to be oriented at between 40 and 90° to the inferred direction 
of ice advance, based on till and bedrock striae measurements (see 
Figure 66, in particular the stereonet for ch.738 + 160).
Invariably the steep angle fissures identified in the rhythmically 
bedded silts and clays of the upstream toe trench area were clay 
coated and hackly in appearance. Within the reducing zone,the fissures 
were light silvery blue-grey and within the oxidized areas the same 
fissures were limonite or haematite stained yellow brown or red.
In addition to the ubiquitous subvertical fissuring, individual fissures 
of which typically varied from 100mm to lm in length, a series of ,
oblique 40 to 50° fissures was noted in both the foundation excavation 
area at ch.740 + 90 and in the upstream toe trench in the vicinity 
of ch.830 + 160 (see stereonets on Figure £>£>). The 40° and 50° 
westward dipping fissures identified in these two areas respectively 
were noted to be planar and striated possibly indicating that some 
shear displacement had occured along such fissures, although it is 
feasible that such fissures resulted purely from differential "
compaction during dessication of the rhythmically bedded materials.
Fissure fabric evidence ai$G', suggests that in some locations of the 
dam site, notably in proximity to areas of disturbed gravels, post- 
depositional structural readjustment has occured in the rhythmites.
Two specific examples are noteworthy. At ch.850 + 156, a series of 
small scale 40 to 50° step—faults of less than 100mm extent was
identified adjacent to the drumlin in the vicinity of the site of 
block sample N, while at ch.770 + 120 an area of polished and sheared 
bedding planes within rhythmically bedded silty clays was found. The 
orientation of the microfaulting at ch.850 + 156 was measured by the 
author to be parallel to the faulting observed in the adjacent esker 
sands and gravels, while measurement of the orientation of striae 
on the sheared and polished bedding planes at ch.770 + 120 indicated 
that the striae were oriented towards N055°E, i.e. more or less 
parallel to the axis of the small drumlin at ch.400 and to the striae 
evident in the exposed bedrock in the core trench at ch.300. A 
photograph of the striae in the sheared rhythmites exposed at ch.
770 + 120 during foundation preparation is included as Plate 4.
Steep angle fissures were also noted in the clay rhythmites at ch.
740 + 90 and ch.830 + 160. It is feasible that these features were 
also produced by shear.
Apart from the striations noted at ch. 770 + 120 and some slickensided 
features associated with known post-glacial landslipping on bedding 
planes in the clay rhythmites on the eastern side of the main damalin 
adjacent to the Afon Brenig, no other shear planes were identified 
during foundation preparation or during excavation of the exploratory 
toe trenches. Because the sheared area at ch.770 + 120 within the 
rhythmites is in the upstream toe trench area of the site in 
proximity to ice contact features and fluvioglacial fans, it is 
considered by the author that the shearing was either induced by 
local grounding of floating ice during the last stages of glacier 
melting or was created by slope creep movement either induced by 
solifluxion or flow of the overlying till during final downwasting 
of the glacier or by post-Pleistocene local slope readjustments.
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PLATE 4 SLICKENSIDED BEDDING PLANES IN GLACILACUSTRINE 
DEPOSITS FROM CH. 77Q+12CL IN UPSTREAM TOE AREA 
OF DAM SITE. -
GLACIAL STRATIGRAPHY
CHAPTER 9
GLACIAL HISTORY AND ENVIRONMENT 
OF DEPOSITION
In reconstructing the possible sequence of events that could have 
taken place at Brenig, much reliance has been placed on the data 
obtained from the test trenches and boreholes put down during the 
1974 construction investigations under the supervision of the 
author (see Chapters 3 and 4). Data from the detailed terrain 
evaluation (see Chapter 2) have been utilized in the areas between 
boreholes in order to extrapolate and extend geological data into 
areas devoid of subsurface (borehole) information.
The properties of the Brenig glacial deposits as determined from 
extensive testing of the materials (see Chapters 6 and 11)-have 
been used as a further index to attempt to categorize the individual 
deposits in terms of their mode of deposition and likely inter- .
relationship with other contemporaneous deposits.
From this assessment of the material types, coupled with an x
evaluation of their original mode of formation, it has been possible 
to erect a broad chronology of events at Brenig. It is significant 
that at Brenig, as at many other locations, the tripartate sequence 
of basal till, middle sands and gravels and upper till is common.
That the basal till of this sequence can vary from orange-brown 
gravelly till containing many angular clasts of mudstone to grey- 
brown till containing many rounded clasts of gritstone? that the 
middle sands and gravels can be completely absent, being only 
represented by thin sandy partings within an otherwise homogeneous 
looking grey till; and that the upper till may merge or be brought 
abruptly against lateral and vertical material changes such that 
till may abut against gravels and sands in one place and against 
rhythmically bedded silts elsewherer rs something not generally-reported 
in-the literature,- and perhaps only likely bo come— bo- light "from
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analysis of the data from many deep boreholes aided by the insight 
gained from detailed trenching at the same site.
It is considered that such a sequence could be the product of one 
glacial event, certainly involving pulsing of the ice front,but without 
complete 'retreat' of the ice such that previously deposited materials 
had been weathered and subsequently eroded. As discussed in detail 
in Chapter 8, it is thought that the orange-brown colour of some 
of the more granular tills near the bottom of the sediment pile at 
Brenig are not products of sub-aerial weathering but have resulted 
from limonite staining due to percolating ground water. This is 
significant from the engineering point of view in that the iron 
staining indicates oxidation of zones which generally should be 
saturated beneath the groundwater table. It further suggests 
relatively permeable strata and significant groundwater movement 
within the gravelly till and the bedrock, most notably at the 
bedrock interface.
The other major episode which could be interpreted as an interglacial 
event comprises the deposition of the major laminated clay and.silt 
unit immediately overlying the basal till over much of the site (see 
Chapter 10). Because of the not insignificant relief that can occur 
in the marginal zones of many glaciers (see Chapter 7), an assumption of 
horizontal continuity and that classical 'stratigraphy' can be applied 
to glacial deposits, frequently can be misleading and often can lead 
to difficulties.
It has been shown by Boulton (1972) that basal till may be being 
exposed with flow till and fluvioglacial deposits blanketing the 
till. Often laminated silts can be deposited over and adjacent to 
flow till sequences which in themselves may completely cover blocks 
of stagnant ice that subsequently melt, giving rise to inclusions 
of melt-out till. Such sequences are common in the saddle area 
at Brenig. Further evidence to suggest continuous deposition of the 
complete sequence is that many of the till bodies at depth exhibit an 
almost complete lack of vertical fissures such as would be likely to 
occur if any of the till had been exposed to sub-aerial weathering.
In fact, the more homogeneous till bodies at depth at Brenig,
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particularly in the area from Ch 500 to Ch 650 (see Figure 22 ), also 
exhibit properties characteristic of soft water^laid till (see 
Chapter 8). Poorly developed sub-horizontal fissuring, and a marked 
propensity towards crude bedding/lamination are evident, especially 
adjacent to fluvioglacial materials. Frequent evidence can also be 
found of silty till-like inclusions which contain few stones and 
often merge laterally or vertically into laminated rhythmite deposits.
All of this subsurface data must be considered in the light of the 
major indications* arising from the terrain evaluation, these being 
that (i) ice flow has given rise to drumlinized landforms oriented 
predominantly NW-SE to the west and north west of the Brenig area 
and oriented more or less parallel to the valley axis at the dam 
site;
(ii) the rock of the east (left) abutment of the dam around 
Ch 1130 exhibits no till cover, and the course of the Afon Brenig . 
has been diverted significantly away from the deep rock valley at 
the centre of the dam sit®;
(iii) the central area of the Brenig Reservoir site is underlain 
by laminated silts and clays considered to be of glaci-lacustrine 
origin. •
Based on this accumulated evidence when considered in the light 
of the general topography of the dam site area and in particular 
when compared to the remnant topography adjacent to many modern 
glaciers (see Chapter 7), it is apparent that a substantial ice 
dammed lake existed in the northern part of the Brenig valley, 
upstream of the existing dam site, and that meltwater from the ice 
flowed northwards into this lake. This particular environment would 
have allowed the extensive development of bedded gravels, silts and 
sands such as have been identified in the central (saddle)area of 
dam'foundations (see Chapter® 3,- 4-and 8) . These deposits are 
considered to have formed as fluvioglacial outwash or as ice contact 
features which developed in the marginal zone of the glacier (see 
Chapter 7). The fact that the core of the main drumlin situated on . 
the dam axis contains extensive thicknesses of bedded gravel and 
sand deposits suggests that this feature, too, may have originated 
as an esker-type ridge which has subsequently been altered and 
remoulded by a pulsation of the ice front at the edge of the lake. -
The direction of ice movement at the dam site is of interest from an 
engineering point of view not only with regard to the position of the 
major ice still-stand from which the meltwater streams emerged but 
also because the direction of movement to a large extent controls 
the orientation of the fabric and fissures within the tills. In 
particular it controls the fissure fabric in lodgement tills and the 
structure and fabric of any deformation till present at the bedrock 
surface. At Brenig, in some parts of the dam site foundations, 
deformation tills up to 10m thick are evident. As mentioned previously 
these tills are commonly heavily iron stained and contain numerous 
angular clasts of bedrock dislodged only slightly from their original 
position in the parent intact rock mass.
The shear strenth properties of such till bodies are highly anisotropic, 
as during the formation of the till numerous sub-horizontal clay 
filled shear planes have developed between dislodged, highly re-oriented 
fragments of bedrock. Where the intact rock exhibits- a- well developed 
rock structure, be it cldavage, jointing or bedding, marked deformation 
of the prevailing structure can be observed.(see Figure 36).
Such deformation in itself is a useful indicator of ice flow directions. 
At Brenig, notable examples of ice drag are evident on the east (right) 
abutment of the dam site and at several areas within the reservoir 
area. In general, although there does appear to be some variation 
in the pattern and depth of the deformation, it appears that ice flow 
in the valley has occured predominantly towards the north.
The sequence of events forming the broad glacial history which is -
considered to have occured at Brenig can be summarized as follows:
(a) an early erosional phase
(b) a major lacustrine- phase
(c) a major melirwater/outwash phase "
(d) .a late-glacial ice-front pulse '
(e) a late glacial meltwater/lacustrine phase due to final 
dawnwasting. of the ice
and (f) post glacial and periglacial events.
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FIGURE 76 CHARACTERISTIC STRUCTURE OF ORANGE DEFORMATION TILLS
[Sketch made from photograph of upstream toe of dam 
core trench/culvert crossing ch, 1Q7Q-15Q).
(a) Early erosional phase
The evidence which has been presented in Chapters 2 to 4 and expounded 
in Chapter 8 regarding the composition and distribution of the deposits 
at Brenig suggests that ice initially cut deeply into and along the 
Brenig valley, gouging out general hollows at the dam site, probably 
along pre-existing weaknesses in the bedrock. The location of these 
valleys within the bedrock surface is clearly shown on Figure 18 by 
the configuration of the bedrock surface contours which are based on 
the data obtained from all the exploratory drillhole investigations.
The erosion of the bedrock could have been partially accomplished 
early in the Pleistocene with ongoing erosion occuring in both the 
Saalian and Weichselian ice advances (see Table II ).
If it is postulated that this deep erosion of the valley was 
accomplished by or previous to the Saalian ice advance and that the v 
deposits plastered onto the bedrock at Brenig are deposits of the 
'older drift' (see Figure T ? ) , then one must assume that the major 
meltwater phase prior to drumlinization of the topography at Brenig 
is in fact an interglacial event. However, based on recent work 
carried out on modern glaciers by Boulton and others, it could also 
be postulated that the entire sequence of deposits at Brenig are 
Weichselian in age, and that all of the meltwater and lacustrine 
deposits were laid down and the drumlins sculptured by the same ,
glacier during significant pulsations of the ice front over a complex 
proglacial margin.
Both postulations are viable, and without detailed radioisotope 
dating of the till components, neither can be given more weight.
Whichever postulation is taken, during the final erosional phase of 
glaciation at Brenig, ice advance was accompanied by both lodgement 
till deposition and by formation of the imbricate deformation till 
as ice shear removed and deformed much of the immediate surface 
zone of the bedrock. The ice which accomplished this erosion formed 
part of the major Welsh continental ice cap, extending eastwards 
and northwards from the Plynlimmon and Snowdonia massifs.
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FIGURE 7 7 LIMITS OF GLACIATIONS IN BRITAIN
(After West, 1963 and other sources).
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At the time of each of the major advances throughout the Pleistocene, 
the ice over Brenig was probably in excess of 1000 metres thick such 
that general ice flow in the surface zone streamed directly out from 
the ice centre in Snowdonia, irrespective of any sub—bottom bedrock 
topography.
In the valleys beneath the ice, the flow of the ice would have been 
controlled by pressure gradients set up within the ice mass by the 
overall regional flow pattern.
Because of the thickness of the ice, it is likely that the base of 
the ice was moving on a pressure melted film of water over the bedrock.
The widespread occurrence of significant clay infilled polished shears 
within the relatively contorted and fractured upper few metres of the 
bedrock suggests that significant deformation of the bedrock beneath 
the ice took place during erosion of the valley. It is possible that 
such deformation took placSf under hydrostatic conditions resulting 
from partial melting of the ice, coupled with the effects of excess 
pressures which could likely have existed in the rock mass, due to 
ineffective drainage beneath the ice sheet. Such excess water 
pressures in the rock mass at the base of the ice would tend to 
reduce the effective normal stress acting on the rock whilst not 
significantly altering the applied glacial shear stress, thereby 
giving rise to extensie- shearing, brecciation and comminution 
of the rock material. .
Other than the deformation till and some areas of orange-brown very 
compact gravelly tills, which occur plastered onto the bedrock and 
which contain numerous bedrock clasts, it is unlikely that any other 
of the currently existing deposits were formed during this initial 
phase of development of the Brenig glacial valley.
(b) Major lacustrine phase
The deposition of the rhythmically bedded lacustrine sediments keen
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at elevation 330 m throughout the dam foundation area is considered 
to have taken place either during the first stage of the Eemian 
Xnterglacial, or due to a gradual recession of the Weichselian ice 
sheet.(see Table 1\). In either case, with the reduction of the ice 
supply from the upland areas, the valleys which existed below the 
continental ice surface began again to control the flow directions. 
Certain valley glaciers would have tended to become main feeder 
glaciers within which active ice flow was still occuring, while 
other valley areas, not oriented in a suitable direction from the 
ice centres, became dormant areas devoid of fresh ice. This is the 
situation thought to have occured at Brenig. Ice contained in the 
northern part of the Brenig valley became stagnant and melted, while 
active ice flow continued to radiate outwards from the Snowdon massif 
along the Alwen and into the Dee valley, with occasional pulses of 
the main ice stream giving rise to oscillations of the position of
the retreating ice front within the Brenig valley.
With further downwasting of^the ice surrounding the Brenig valley,
a lake was formed in the valley as.natural drainage to the south
was impeded by the ice which existed in the Alwen valley. The water 
forming the lake originated both from the melting of the stagniant 
ice masses surrounding the Brenig area and from meltwater emanating 
from drainage channels within the ice mass itself. It is considered 
that, under these conditions, deposition of material into the lake 
and around the margins of the lake occured in a similar manner to 
that identified by Gustavson (1975) for the sedimentation occuring 
adjacent to the Malaspina Glacier in Alaska.
Sedimentation into the ice dammed lake gave rise to bedded sequences 
of silts and clays well within the lake, mixed bedded sequences of 
sands and gravels adjacent to the melting ice front at the points 
of emergence of glacial streams and waterlaid paratills which formed 
by basal drop-out of debris from the melting and partially floating 
ice front.
In total, some 2m to 8 metres of finely laminated silts, clayey silts 
and clays were deposited at the dam site overlying the compact to 
very dense lodgement tills and imbricate deformation tills which 
had been deposited directly on the bedrocks.
On the'basis of the topography and disposition of the deposits at 
the dam site, it is suggested that the ice damming the lake existed 
some distance to the south of the present dam site area, but that the 
ice front probably extended as far north as the downstream toe of the 
dam site. Detailed study of the rhythmically bedded lacustrine silts 
and clays which occur at approximately 2m to 4m above the bedrock 
surface and which overlap onto successive lodged till deposits, 
tend to confirm this suggestion.
Proximity of the ice is indicated by the fact that some disturbance 
of the silts and clays is present to the south side of the dam site.
In particular holes adjacent to the southwest slopes of the main 
drumlin site, the rhythmically bedded silts and silty clays are highly 
contorted with evidence of sedimentary slump structures and small 
scale sedimentary faulting common. The lack of disturbance elsewhere 
to the north within this suite of laminated deposits is indicative 
that the deposition of all -Of the successive glacial deposits 
occured following blanketing of the lacustrine deposits by material 
melting out from the base of a <sVie<ving ice mass such as is illustrated 
in Figure 78 . Deposition of the waterlaid paratills from the floating 
ice would most likely have been occuring contemporaneously with the 
deposition of the bedded silts within the iake, with both the lake 
sediments and the waterlaid tills being covered periodically by 
turbidite sequences of till, originating as flow till off the crest 
of the ice front (see Chapter 7).
Typical of the deposits considered to be waterlaid paratills are the 
10m thicknesses of relatively homogeneous clayey tills with pockets 
and inclusions of sand and in places laminated silts and clays which 
occur overlying the el.330m suite of lacustrine sediments along the 
upstream toe of the dam site (see Figure 13  ). These till deposits 
are characterized by their fairly random pebble orientations, and 
their lack of strongly developed incipient fissuring. Furthermore, 
although they are firm to stiff in hand specimen, they are not as 
compact as lodgement or other melt-out tills identified at Brenig.
At almost the same elevation but to the south, closer to the supposed 
position of the ice front, thick deposits of gravelly tills occur, 
exhibiting well developed often strongly oriented pebble fabrics.
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FIGURE 78 POSTULATED SECTION THROUGH THE DAM AND RESERVOIR SITE
LEGEND:
Ice
□  Glacial deposits 
Bedrock
These gravelly, tills, although generally compact, often contain 
a fairly sandy matrix, particularly adjacent to the overlying, very 
gravelly tills and ice contact gravel deposits. It is possible that 
such tills originated as flow tills off the ice front and subsequently 
entered the lake waters as turbidity mudflows blanketing, but not 
unduly disturbing, the pre-existing lake sediments.
In addition to the interdigitation of till deposits with the 
rhythmically bedded lake sediments, zones of fluvioglacial sediments 
also occur where significant meltwater streams entered the lake. In 
some areas of the dam foundations the silts and clays of the major 
lacustrine phase are absent and instead the investigation boreholes 
have recorded laminated sands and gravels at more or less the same 
elevation.
In plan, the lateral variations in sediment type that now occur 
across the width of the valley at the elevation of the el.330m 
lacustrine phase suggest thhfat this time the major meltwater 
stream, as evidenced by the accumulation of sands and gravels, 
entered the ice dammed lake in'the area of ch.650 along the dam 
axis (see Figure 13 ).
(c) Major meltwater/outwash phase
Ongoing deposition of waterlaid melt-out tills originating from 
the stagnant ice front area continued throughout the period of 
lacustrine deposition. However, with an increase in meltwater supply 
due to a warmer phase in the climate, either occuring as part of the 
Eemian Interglacial or as an interlude in the Weichselian, the 
deposition of laminated sediments waned and extensive thicknesses of 
outwash sands and gravels were deposited. Such sand and gravel 
deposits are particularly widespread in the central area of the 
valley at dam chainages 600 to 950, while flow till deposits occur 
principally on the western margin of the valley around chainage 400.
In addition, fan deposits of gravelly till extend eastwards from 
the valley margin at chainage 320 into the central saddle area.
In the ch.650-950 area some of the deposits were exposed during the
dam core trench excavations. From these excavations it was noted that 
the deposits vary from laminated sands and silts to rhythmically 
bedded sands and gravels. The coarser grained sand and gravel units 
which are often steeply bedded, were noted to frequently be overlain 
and underlain by more flat lying rhythmically bedded silts and sands, 
suggesting that changes in meltwater flow velocities were dramatic 
and took place several times during the period that meltwater 
fluviotile deposition was dominant in the dam foundation area.
Examination of Figure "79 which illustrates idealized cross-sections 
of the materials encountered across the dam site at ch. 920, 740 and 
650 respectively, shows the variations in attitude and location of 
the major meltwater sand and gravel deposits.
From the bedding attitude of the deposits, from the orientation of 
imbricate pebbles in the gravel and from the position of the gravels 
within the overall sedimentary pile, it is inferred that the deposits 
were, to a large extent, formed sub- or englacially within tunnels 
in the ice. The evidence for such tunnels is particularly impressive 
in the ch.650-750 area where the gravel beds, based on borehole data, 
rise towards the position of the ice dammed lake situated to the 
north of the ice front (see F i g u r e d ) .  However, because of the 
widespread nature of the granular deposits at the dam site associated 
with these englacial tunnels, it is inferred that an extensive outwash 
plain must also have existed in front of the ice snout in order to 
have given rise to the interspersed laminated sands and gravels which 
occur immediately adjacent to steeply bedded (high flow velocity) coarse 
gravel beds.
(d) Late glacial ice front pulse
The last major glacial event which occured at Brenig prior to retreat 
of the ice completely blanketed the major meltwater phase of outwash 
deposits with a variety of till materials.
Across the entire width of the dam site significant thicknesses of 
flow tills were deposited, particularly in the low lying areas, whilst 
in the higher areas, such as at ch.440 and ch.920, significant 
thicknesses of fissured, probably lodgement and melt-out tills were
DRUMLIN CH. 920
CS) GRAVEL AND GRAVELLY TILL
(T) TILL
CS) SAND
0 0 VARVED DEPOSITS
CDT) DEFORMATION TILL
SADDLE CH. 740
SADDLE CH. 650
FIGURE 79 GENERALIZED CROSS SECTIONS NORMAL TO THE DAM AXIS.
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laid down. At ch.920 these latter deposits have been streamlined 
and drumlinized over the top of the pre-existing glacial outwash 
gravels. In the ch.440 area, the sands and gravels of the major 
meltwater phase are thin and the overlying blanket of drumlinized 
till is extensive.
The glacial events which are likely to have given rise to the 
sequence of deposits evident at Brenig preclude a subaerial stage 
where erosion and weathering of the sands, gravels and gravelly 
tills of the major meltwater phase occured. As there is strong 
evidence that disturbance of the underlying fluvioglacial and 
lacustrine materials only took place in certain areas across the 
dam site during formation of the drumlins and deposition of the tills, 
it is considered that the ice advanced out over a standing body of 
water.
In the ch.600 area, along the downstream toe of the dam site, the 
gravelly tills and the underlying rhythmically bedded silts and 
clays, exhibit significant disturbance, possibly associated with 
direct ice over-riding of the deposits. Elsewhere to the north, 
the rhythmite deposits appear to be undisturbed. This over-riding 
i s .considered to mark the beginning of a significant pulse of the 
ice front over the waterlaid deposits.
The fact that most of the deposits at the northern (upstream) toe 
of the dam site appear to be largely undisturbed to this day, suggests 
that when the ice advanced out over standing water, only where the 
ice bottomed onto the pre-existing sediments (i.e. along the down­
stream toe of the dam and where thick deposits of sand and gravel 
existed) was there any marked degree, of sculpturing of the deposits 
by the ice. These facts suggest that this osciila-htfvu of the ice, 
whether it occured as the start of, or just as a pulse during a 
colder phase within'the .^‘sVeyv.sian glaciation, in effect gave rise 
to the drumlins and also- possibly to widespread remoulding of all 
of the areas of higher ground within and adjacent to the Brenig 
valley. Any similar lake filled vallleys within the uplands may 
have also remained unfrozens&k -Hvtr iim<t.
From the orientation of the drumlins in the area around the dam site 
(see Chapter 2), it is considered that, during this ice pulse, the 
dormant lobe of ice in the Brenig valley was rejuvenated by ice from 
the Alwen glacier and thus streamed northwards and slightly eastwards 
coalescing with other eastward streaming tongues off the Alwen valley 
ice. This merging of the Usiial glaciers eventually gave rise to a 
significant ice front emanating eastwards from the Snowdonia massif 
and which confronted ice from the Irish Sea, which infilled the Dee 
estuary and the Ruthin/Denbigh area some 30 kilometres to the east 
of the Brenig site (see Figure 80).
(e) Late glacial meltwater/lacustrine phase due to final 
downwasting of the ice
Towards the end of the $>eV<2. i r v p e r i o d ,  with retreat of the 
Snowdonian ice front from the Cheshire plain, the ice in the Erenig 
area once again became a more or less dormant lobe of the Alwen 
valley ice and meltwater again streamed into a body of standing . 
water, this time confined to the valley north of the dam site area 
(see Diagram A of Figure 81 )'.
During this final retreat of the ice, the last remnants of the ice 
front are considerd to have disintegrated at the bedrock rise which 
occurs beneath the dam site. This change in bedrock slope may also 
have exerted a significant control on the extent of northwards 
advance of the dormant ice lobe in the earlier glacial phases, when 
the initial lacustrine sediments were deposited (see (b) above).
The final downwasting of the ice remaining in the Brenig valley 
took place sufficiently slowly that contributions to the meltwater 
emanating from the ice blocking the Brenig valley were provided 
from areas of ice marginal to the Alwen glacier.
The vast quantities of meltwater that were generated from the final 
melting of the ice flowed into the ice dammed lake via deltas and 
esker-like features marginal to the ice front (see Figure 4 & ) . These 
meltwater streams deposited typical outwash and ice contact coarsely 
granular deposits across much of the present saddle area at the dam
FIGURE 80 CENTRES OF ICE ACCUMULATION AND PRINCIPAL DIRECTIONS 
OF ICE. FLOW DURING THE MAXIMUM GLACIATION OF BRITAIN. 
(From Wills, 1951).
. . C—Connemara, CH— Central
Highlands, D— Donegal, K— Kerry, L—Leitrim, LD— Lake District,
NH—Northern Highlands, P—Plynlimmon, S—Snowdon, SU— Southern
Uplands.
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FIGURE 81 RECONSTRUCTION OF TWO PHASES IN THE MELTING OF THE 
ALWEN GLACIER SYSTEM DURING THE LATTER PART OF THE 
PLEISTOCENE.
^
site (ch.600-850) whilst giving rise to further deposition of 
lacustrine sediments within the lake area north of the dam site.
V/ith the volume of meltwater being produced from the melting ice 
far exceeding the capacity of the lake and with the general lowering 
of the ice mounded up across the confluence of the Alwen and Brenig 
valleys, water began to flow southwards around the eastern side of 
the ice damming the valleys* With continued melting of the ice 
and with further downcutting of both the ice and the glacial deposits 
of the valley sides, a significant marginal meltwater channel was 
formed on the eastern side of the ch.920 drumlin (see Diagram 3 of 
Figure 01 ). The continued downcutting of this channel with further 
melting of the ice front eventually fully drained the glacial lake 
and established the course of the present Afon Brenig.
Accompanying the melting of the ice front and the generation of 
extensive thicknesses of ice contact and fluvioglacial outwash
sediments in the- saddle area,- significant quan-ti-%ies-ef 'flow: and 
melt-out till were deposited*
Much of the melt-out till was deposited to form either the floors 
of kettle holes or the flat lying areas alongside mounds of esker- 
like areas of outwash sand and gravel. Such melt-out till deposits, 
formed from the decay of the stagnant ice lobes, were themselves 
covered with several metres of flow till which originated both from 
off the ice front and from the oversteepened valley sides.
(f) Post glacial and periglacial events
Since the recession of the ice, the slopes of the Brenig valley have
o 0continued to degrade to the slope angles of 8 -10 apparent throughout 
much of the present reservoir basin* In addition, most of the poorly 
drained areas where stagnant blocks of ice had finally melted had 
become peat filled hollows. Prior to excavation of the dam foundations 
inspections of the materials underlying and separating the peat 
deposits indicated that the peat occured in areas which exhibited a 
high water table. The high water table resulted from excess water 
originating in the undelying sands and gravels associated with the
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last meltwater event or from lack of drainage due to the area being 
lowlying and underlain by very low permeability clayey melt-out till 
or lacustrine silty clay. The flow till covered areas between the 
peat either were underlain by esker— like ridges of sand and gravel, 
or areas of drumlinized or fluted till*
Away from the existing river course, the till slopes across the entire 
site were most likely flattened by post-glacial and periglacial 
solifluxion processes. The flow tills that originally capped the 
surfaces of most of the fluvioglacial and ice contact deposits most 
probably continued to flow and creep downslope during periglacial 
times, thereby eventually blanketting almost all of the deposits on 
the floor and sides of the Brenig Valley.
Recent ongoing downcutting and erosion by the Afon Brenig and 
redeposition of abraded materials as alluvial deposits in the central 
section of the valley upstream of the dam site and east of the main 
drumlin have comprised the last phase of the stratigraphic history of 
the area*
CHAPTER 10
STRATIGRAPHY OF THE DAM FOUNDATIONS
The sequence of deposition of the materials at Brenig, as outlined in 
the last chapter, gives rise to a distinctive, crude stratification of 
the various deposits within the foundations of the dam. In Chapter 8 
these various individual glacial material types were discussed in 
detail in terms of their physical properties. In this chapter the 
basic sequence of deposits identified within the foundations is 
discussed. This sequence forms the basis of the evaluation of both 
the glacial chronology and the construction of the model of the 
presumed depositionai1 environment discussed' in Chapter 9.
Correlation and identification of the characteristics of the suite 
of deposits1 at depth in the foundations have relied heavily on 
extrapolation of the physical and engineering properties of similar 
deposits exposed at surface by the deep dam foundation excavation 
or by the upstream toe exploratory trenches.
As discussed in Chapter 9, the entire suite of deposits at Brenig, 
because of its location so close to the Snowdonia ice centre, may 
have been deposited from the same ice sheet which, at Brenig, formed 
a single oscillating ice front.
The dominant mineralogy of the tills and of the gravels tends to 
confirm that ice advance occured from the south. Almost all of the 
clasts present within the tills and nearly all of the pebbles and 
cobbles in the gravels are comprised of gritstone originating from 
the rocks of the Denbigh Grit Series, which are exposed south of 
the dam site and throughout the confluence area of the Brenig and 
Alwen valleys.
The general stratigraphy of the suite of deposits encountered at 
Brenig is summarized in Table 12. and illustrated diagrammatically
Stratigraphic Zone Typical Elevation 
in or adjacent to
Range of 
Thickness*
the saddle area 
of the dam site*
(h) Peat and superficial topsoil + el.345m 1-3 m
(g) Weathered surficial zone + el.342m l-4m
(f) Near-surface glacilacustrine. and
fluvioglacial deposits--- el.333 to 342m 2-6m
(e) Matrix-dominated grey clay tills el.335 to 340m 2-6 m
(d) Gravels and gravelly tills el.330 to 340m 3-9m
(c) Waterlain paratills and inter- 
digitated lacustrine and outwash 
deposits el*325 to 340m 5—16m
(b) Basal rhythmite sequence -h el.325 to 328m 2-8m
(a) Orange deformation till Below el.325m 4—8m
TABLE 12 BROAD OUTLINE STRATIGRAPHY
* Note: Not all of the deposits are fully represented in the saddle 
area (see Figure 82).
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(a) Orange deformation till '
Overlying the bedrock, where the ice has not removed the surface but 
has left a shattered zone of rock fragments, up to 6 m of orange-brown, 
sandy, clayey, gravelly till with a definite imbricate structure is 
developed. This till where best represented occurs at or below 
el.325 m across most of the saddle area. It grades imperceptibly 
downwards into the structure of the shattered upper surface of the 
bedrock. Both the rock and the till are heavily iron stained as a 
result of water percolation through the shattered surface zone of 
the rock.
The imbricate structure of the deformation till is very strongly 
developed. At the bedrock/till junction the till is composed of 
aligned, angular, fine and medium gravel sized clasts of similar 
shape and size to the typical fragments seen at the surface of the 
bedrock. The deformation till grades upwards from moderately to 
highly weathered bedrock with clay infilling between cleavage and 
joint planes,’ to a true clast-dominated till containing discrete 
angular gravel fragments which have been transported only a small 
distance from their original location.
(b) Basal rhythmite sequence
Over most of the central area of the dam site a sequence of 2-8 m 
of rhythmically bedded silts, clays and sandy silts has formed at 
an elevation some 2 to 4 metres above the bedrock surface. In the 
saddle area^typically the rhythmite horizon occurs at or about 
elevation 323 m, generally sandwiched between grey or grey-brown 
clayey tills, but occasionally directly overlying the orange deformation 
till- The clayey tills probably form part of the sequence of waterlain 
paratills or turbidite mudflow tills, associated with rhythmite 
deposition into the pro-glacial lake.
on Figure £2.
(c) Waterlain paratills and interdigitated lacustrine 
and outwash deposits
Overlying the uniformly-bedded clay and silty clay rhythmite deposits 
a sequence of up to 16 metres of firm to stiff, greenish-grey clay 
till occurs, within which numerous sand, gravel or laminated silty 
clay stringers are commonplace. In addition, within this suite of 
deposits, particularly towards the downstream toe of the dam site, 
occasional zones of soft to firm,very disturbed,clay till occur.
These disturbed zones frequently are underlain by a cobbly or gravel 
rich horizon and often may grade upwards into a weakly laminated 
silt or clayey silt rhythmite horizon. The tills comprising this 
stratigraphic unit are slightly sandy clays which often exhibit random 
clast fabrics and are generally devoid of strong fissuring.
(d) Gravels and gravelly till
Conspicuous across the entire width of the dam site, and especially 
within and immediately adjacent to the ch.920 drumlin, there occur 
several sequences, each of up to 9m thickness, of very gravelly tills and 
sandy gravels. The gravels within such sequences are sometimes iron 
stained, and based on exposures examined during foundation excavations, 
are often strongly cross-bedded with imbrication of the quartzite, 
gritstone and mudstone pebbles making up the unit.
The gravelly tills, by contrast, are seldom iron stained. The gravel 
clasts within the tills tend to be slightly more angular than those 
within the gravel units, such that the tills generally comprise fine, 
medium and coarse gravel and fine to coarse sand, both formed of 
angular to subangular quartz, grit or mudstone fragments, all set 
within a matrix of greenish-grey, silty clay and clayey silt.
This sequence of bedded gravelar and interrelated gravelly tills 
varies considerably in elevation across the dam site (see Figures 10 
to IT ), but in. general in the saddle area tends to occur between 
el.330 and 340 m (see Figured).
(e) Matrix-dominated grey clay tills
Overlying the gravels over most of the right (west) abutment of the
dam site are found firm to stiff, greenish-grey, silty, gravelly and 
cobbly clay tills, In the drumlin areas on the dam centreline (i.e. 
ch.920 and ch.440) the tills exhibit fissuring, whilst in the area 
between the drumlins the materials are less structured, probably 
comprising meltout tills or waterlaid paratills. In addition, in 
some areas of the foundations, the grey till is less greenish in 
colour, frequently softer and more sandy and exhibits strongly aligned 
clast fabrics indicative of a flow till origin. Such tills tend to be 
prevalent around the drumlin margins and in the saddle area.
On the margins of the saddle area of the dam foundation at about 
elevation 340m, up to 6m thickness of grey till of various origins 
overlies the gravelly tills.
(f) Near surface glacilacustrine and fluvioglacial deposits
In the centre of the saddle area, across almost the entire width of 
the dam foundations, extensive deposits of heavily iron-stained,
coarse, sandy, gravels and flexure-bedded openwork gravels were 
encountered. These deposits were found interbedded with sand lenses
and overlying or merging into a fairly continuous horizon of rhythmically
bedded silty clays and sandy silts. These rhythmically bedded silty
clay horizons were found to lap onto the side of the drumlinized
till of the ch.920 drumlin and to merge horizontally and vertically
into rhythmically bedded coarse grained units or into relatively ' -
stone-free till-like materials considered to represent waterlaid
paratills exhibiting dropstones.
(fi) Weathered surficial zone •
Other than in the low-lying areas of the dam foundations, where sands, 
gravels and rhythmite deposits were dominant, the entire surface aone 
of the till deposits forming the higher ground at the dam site 
are yellow stained to a depth of the order of 4m (see Figure S3).
The ubiquitous yellow staining of the weathered tills, based on 
detailed petrographic examination and XRD work, is considered to 
arise from the presence of finely divided iron, generally limonite 
and goethite. In addition, the more openwork, fissured tills on the 
drumlins tend to exhibit coatings of manganese and haematite on
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individual fissures or around clast fragments adjacent to such 
fissures. The yellow tills, based on boreholes and on test trench 
excavations, are confined to those areas above the prevailing water 
table, i.e. within the oxidized zone of the soil fabric. Where the 
groundwater table has remained high, for example in the tills 
immediately adjacent to the sands and gravels, little depth of 
yellowing of the till has occured; rather the tills in such situations 
are characterized by higher moisture contents, are generally much 
softer and tend to be blue-grey in colour, due to gleying of the 
soil fabric associated with reduction rather than oxidization of 
the finely divided iron present in the tills.
(h) Peat and superficial topsoil
A thin skin up to lm thick of topsoil invariably occurs overlying 
the yellow till, whereas over the sands and gravels and blue grey 
tills of the saddle area, £he superficial soil covering comprises 
peat o
The peat exposed during the foundation excavations varied from 
lm to a maximum of 3m thickness in the saddle area. The surface of 
the peat generally exhibited a hard, dessicated crust approximately 
300-400mm thick, overlying softer, waterlogged, dark brown to black 
fibrous peat in which occassional birch bark and birch logs occured.
The peat and topsoil are locally overlain by alluvial materials in 
the centre of the Afon Brenig valley in the vicinity of ch.1100.
These alluvial deposits form part of the sequence of sediments 
deposited by the present day stream from erosion of the pre-existing 
glacial materials forming the stream banks further upstream from the 
dam site. As such, the alluvial deposits post date much of the 
topsoil and peat, some parts of the latter having been dated from 
bone fragments to be of the order of 10,000 years old (Derbyshire,
1974).
GEOTECHNICAL EVALUATION
MATERIAL PROPERTIES OF THE BRENIG GLACIAL DEPOSITS
CHAPTER 11
Throughout the previous chapters of the thesis the glacial deposits 
at Brenig have been generally viewed from a glaciological/mode of 
origin standpoint* Such an approach is considered by the author 
to be essential to understanding the engineering behaviour of the
materials. In the author's opinion, the reason that a good many 
engineering problems occur when dealing with glacial deposits is 
simply that the inherent glaciological characteristics of the deposits 
are ignored in standard engineering practice. The types of problems 
that occur, however, frequently do not result from a lack of testing 
of the materials or from inadequate sampling, but tend to arise either 
due to ignorance of the genetic controls which govern the behaviour of 
the individual deposits or because of lack of appreciation of the 
potential variation in properties that can occur .in glaciated areas.
In this chapter an attempt is made to examine the engineering 
characteristics of each of the Brenig glacial deposits, the genetic 
characteristics of which were discussed in detail in Chapter 8.
(a) Tills
The engineering characteristics of each of the types of till recognized 
at Brenig are similar with respect to some material properties.
However, because, such significant variations in other properties can 
and do occur it is critically important that accurate genetic •
classification of the particular till type be made.
In the author's opinion, based on the results of all the testing 
carried out on the Brenig materials, the most diagnostic engineering 
classification test for distinguishing till type is the particle size 
distribution analysis. 'Grading curves are by far the most useful
indicators of the granularity of the till. When coupled with a 
detailed knowledge of the till fabric, mineralogy and moisture content 
of the fine fraction, gradings can be used both to delineate till 
types and also to provide a means for estimating other parameters.
(i) Grading Analyses ' '
In Figure 85 the grading curves of the six representative till types 
identified at Brenig are presented.
In the past, various methods have been selected to characterize 
the tills-from their respective grading curves. The papers by
McGown (1971) and Elson (1961) summarize most of the current and 
past thinking on till differentiation by means of grading curves. .
It has been inferred that tills do not vary randomly in particle 
size distribution, but for a given set of genetic controls conform 
to a reasonably predictable pattern. This has been the basis on 
which Elson (1961) has carried out a classification of tills based 
on ternary diagrams and on which McGown (1971) has proposed use of
the split size as a means of identifying till type. The split size 
or gap in the grading is characteristic of most primary tills, in that 
typical till is comprised of a mixture of coarse gravel and cobbles 
set in a fine silt and clay matrix, frequently devoid of sand of a 
certain grain size. The concept of the split size dividing the overall 
till distribution into two normal cumulative curves is shown on 
Figure 86. Such diagrams enable the properties of the fine matrix 
and the coarse fraction to be analysed separately.
In sin attempt to further quantify the approach initiated by McGown 
in examining till gradings, the author has made extensive use of 
statistical techniques normally only used in sedimentology. Such 
methods can be of advantage in quantifying not only the variations 
between each of the Brenig tills but also between the tills and other 
deposits. For instance, the grading curves can be used to attempt 
to distinguish tills produced by comminution (lodgement tills) from 
those containing a fluvioglacial component.
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FIGURE 86(a) GRADING OF TILL-TYPE G.
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FIGURE 86(b) GRADING OF TILL-TYPE G SEPARATED INTO FINE AND COARSE 
GRAINED COMPONENT PARTS BOTH OF WHICH EXHIBIT CLASSIC 
CUMULATIVE NORMAL SEDIMENT DISTRIBUTIONS.
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Diameter
(mm) (,u )
(Wentworth Grades)
(0) (Wentworth Grade) M.I.T.
mm recommended
Phi-class Description
256 -8
128 -7
64 -6
32 -5
16 —4
8 -3
4 -2
2 -1
1 1000.0 0
1/2 500.0 +1
1/4 250.0 +2
1/8 125.0 +3
1/16 62.5 - - +4
1/32 31.3 +5
1/64 15.6 +6
1/128 7.8 +7
1/256 3.9 +8
1/512 1.9 +9
1/1024 1.0 +10
C°£bleS 200 
Boulders
Gravel
Sand
Silt
64
60
8:816
0.004
Clay 0.002
COBBLES
GRAVEL
SAND
SILT
CLAY
-3
Micron = 10 mm.
lirtju. , Millimicron - 10 mra.
Phi-scale: 0 = log„ (nun)
TABLE 14 RELATIONSHIP BETWEEN GRAIN SIZES BY WENTWORTH GRADE 
IN MILLIMETRES AND 0 UNITS.
The standard method of presenting gradings is to plot cumulative 
percentages of material passing various sieves, or, where fine grained, 
percentage determined from settling rates. The cumulative curve of an 
absolutely normal distribution, such as would occur for most natural 
materials, expressed in percentages, is:
y(%) = 50 - 100
2
.1 . e dx
where x = iD , - a[
and D^ . is the grain size of the
particles in ft units (1 j6 unit 
equals -log2 (mm))
the mean grain size in ^ 
units, 3»\dl
cf is the standard deviation.
It is convenient to use the 0 grain scale for such statistical 
evaluation because it simplifies the algebra, removing the logarithmic 
terms which otherwise arise if grain sizes are analysed in millimeters. 
The 0 scale (based on powers of 2) is also convenient in that it has 
been derived on the basis of the grading curve, each 0 unit being 
equivalent to one Wentworth grade (see Table 14"). Although it is ,
convenient to continue to use the 0 scale because so much is 
published in the sedimentological literature using this scale, the 
divisions of the now standardized engineering grade scale based on 
that established in 1931 at M.I.T. (Terza^ghi and Peck, p.38) do not 
precisely correspond with 0 grades. The approximate equivalents are 
as follows:
M.I.T. Soil 
Classification
Boulders
Cobbles
Gravel
Sand
Silt
Clay
Millimetre scale
Greater than 200 mm 
SO - 200 mm 
2 - SO mm 
0.06 - 2 mm
0.002 - Q06 mm • 
Less than 0.002 mm
0 scale
Less than -7.50 units 
-6 to -7.5 
-1 to - 6 
+4 to - 1 
+4 to + 9- 
Greater than 90 units.
From the table overleaf and from reference to Table 14, it can be seen 
that within the silt to gravel range five 0 units is equivalent to 
a grade size class in the M.I.T. classification.
For tills, the normal probability distribution significantly differs 
from the grading of the. overall deposit. However, by making use of 
the fact that most of the tills examined at Brenig and most of those 
reported in the literature exhibit a significant bimodal distribution 
separated by a gap in the grading in the sand size, it is possible to 
split such till gradings into two separate cumulative normal distribu­
tions in the manner suggested by McGown and Derbyshire (1977) (and as 
shown on Figure 86).
If for this situation the split -size is defined in terms of 0 units 
b y ^ , then the two cumulative normal curves can be combined 
mathematically on either side of the split size to examine the 
properties of the entire grading.* This can be accomplished by 
suitable modification of the cumulative normal distribution equation, 
including reassigning the exponent term as;
P
Dg - f
<r J
where $■£ is the split size in 0 units
and p is a function of the degree of spread 
at the split size grading, i.e. a 
measure of the width of the plateau • 
on the till grading curve representing 
the missing grain size component; 
p is approximated to sufficient 
accuracy for practical analysis of 
most tills by;
P ~ ^overall where cr values
o* ^ . are standard
matrix • , . ,. .deviations for
the respective
curves in 0 units.
Values of p vary depending on the till being considered, but typically 
range between 1.8 and 2.3 0 units. The best estimate of the standard 
deviation for the ‘whole’ sample (used in assigning the magnitude of p) 
can be deduced from standard statistical methods used in sedimentology.
* See Appendix B for computation of binomial distribution curves and 
for other sedimentary statistical evaluations.
For the cumulative grading curve, the standard deviation can be 
graphically evaluated in accordance with the relationship:
cr = -
0 - 0  84 16
... for the central part of the
distribution,
or from:
cr s  -
0 -  0 84 16 0 -  095 *1
6 .56 ...for the overall grading 
including the tails.
In both of the above formulae, 0^^ etc are the grain size values in 
0 units at the 84% etc. points on the cumulative percentage passing 
scale. This graphic approach to determining statistical parameters 
was pioneered by Inman 1952 and by Folk and Ward, 1957. The 
equations given above are reviewed in Appendix B.
The rationale behind using the 16% and 84% lines is that for almost 
all of the till gradings examined, the equivalent 'normal' distribution 
curve for the whole sample and the actual bimodal curves of the till 
pass through the same .end points (see Figure 87), and thus equivalence 
of standard deviation end points 0Q4 and 0^g becomes a reasonable 
approach to such characterization.
In some cases, the gradings of tills obtained from tests carried out 
in the site laboratories lacked the complete fine fraction tail. For 
these gradings, the standard deviation can still be approximated using
the median value, 0
Hence, cr = - ^95~ ^50 ^95 ”^50+ ■ ■ .3.29
However, difficulties will arise if the median value is used directly 
from the cumulative curve for the typical till gradings, as this 
value will almost always be different from that of the 'hypothetical, 
equivalent, non-gap-graded normal distribution' through the end parts 
of the bimodal curve (see Figure 87).
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GRADINGS PLOTTED AS DIRECT 
FREQUENCY DISTRIBUTIONS.
FIGURE 87 COMPARISON OF DIRECT FREQUENCY DISTRIBUTION PLOT OF TILL 
GRADING WITH CUMULATIVE CURVE SHOWING EQUIVALENT 'END­
POINT' NORMAL AND CUMULATIVE DISTRIBUTIONS.
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Determination of the standard deviation, o*, of the fine fraction of 
the till smaller than the split size can be accomplished by replotting 
the grading curve in the manner shown on Figure 86. Alternatively 
it can be evaluated numerically, based on the 84 and 16 percentile 
values of an assumed 100% occuring at the split size location,^, 
using the same equation as used to determine the standard deviation 
for the 'whole' sample.
For the Brenig tills, the whole sample standard deviations tend to 
range between 5 and 7 0 units (i.e. approximately one whole grade 
class) while matrix standard deviations typically range from 2.8 to 
3.2 0 units, compared to 'normal' values of the, order of 1 0 unit. 
These standard deviations indicate the very wide plateau in the 
gradings of the tills at the split size, which for most of the Brenig'
tills occurs within the sand range, generally between 0.02 and 1.0mm 
(see Figure 88).
For typical sedimentary materials, such as marine sands, statistical 
methods of characterizing the granularity are well documented 
(Krumbein, 1939). Similar methods have not generally been applied 
to tills and glacial soils in general engineering practice. One 
example of the use of statistics in analysis of partial grain size 
gradings which gives a good insight into the engineering variation 
of glacial sediment properties, was used by Fookes et al (1975) in 
evaluating the variation of gradings of samples of the same material 
taken from pits as compared with those taken from boreholes. McGown 
(1971) also made some mention of the use of quartile indices in till 
grading analysis but did not consider other statistical parameters 
considered by the author to be of more relevance to mode of origin and 
character of the material.
A more sedimentological approach to evaluating till types by means 
of gradings using statistical analysis has been undertaken by 
Mills (1971) on recent glacial debris around the Athabasca Glacier 
in Alberta, Canada. Other work by Mulholland (1976) has been 
directed towards the Pleistocene glacial tills of Massachusetts,
U.S.A.
FIGURE 88 RELATIONSHIP OF GRAIN SIZE AT SPLIT PERCENTAGE 
FOR VARIOUS TYPES OF BRENIG TILLS.
In general, the variation in grain size characteristics and in 
statistical parameters derived for the deposits at Brenig encompass 
the complete range found by Mulholland in Massachusetts. However, 
due to variations in distance from old nunatak features which existed
materials and ablation tills such as have been observed at the 
Athabasca Glacier are not represented at Brenig, although the gradings 
for the other till types at Athabasca conform closely with those at 
Brenig.
In addition to the split size and standard deviation, other parameters 
that the author considers useful in discerning variations in till 
properties are the mode, or most commonly occuring grain size,
skewness, kurtosis, matrix:clast ratios and sorting. Skewness in grading
analyses indicates the divergence of the cumulative percentage passing
curve towards a preponderance of fine or coarse grained material. It 
can be useful in terms of differentiating sediment properties for a 
given set of samples each with the same most common grain size. It is 
also a good indicator of the degree of winnowing and bedding of the 
material within the sample. Furthermore, for different samples within 
the same general material type, the skewness can give a good indication 
of whether the sample tends to be more coarse grained or more fine 
grained than its neighbour, and thus skewness variations can be closely 
correlated with differences in material strength and other engineering 
parameters.
Skewness values can be determined graphically from the full cumulative 
grading curve using the relationship:
near the mountain origin of the glacier, very coarse grained outwash
where 0O/1 etc. are the grain size values o4
in 0 units corresponding to 
the 84% cumulative percentage 
passing Sizes etc.
For typical till at Brenig skewnesses range from -0.1 for the matrix 
dominated tills to +0.5 for the granular tills which are tending 
towards clast domination (Derbyshire, 1975, MeGown and Derbyshire 1977).
Kurtosis is a measure of the peakiness of the probability distribution, 
which, in terms of grading analyses, is a measure of the shap.e and 
spread of the grading curve.
A single sized sand, for example, with no fines or coarse material 
would tend to have a very peaky grading which, when plotted on the 
standard cumulative grading curve, would appear as a nearly straight 
vertical line at more or less constant grain size. For such a sample 
the kurtosis determined from:
k = ^as ~  An
2.437(075- 025)
would be significantly greater than unity, although most natural 
sdls, even when apparently^single sized, seldom exhibit kurtosis 
values in excess of about 4. On the other hand, a completely mixed 
sediment with no one maximum represented grain size such as would 
plot on the standard particle size distribution graph as an inclined 
straight line would exhibit a kurtosis value of the order of 0.75.
For gap-graded sediments such as tills which are otherwise well graded,and 
for.a hypothetical till exhibiting complete mixing but lacking one 
grain size in the sand range, the two parts of the distribution would 
plot as inclined straight lines on the standard particle size 
distribution graph and kurtosis values would be of the order of 0.55.
For the Brenig tills the kurtosis values range between 0.6 and 0.8 
for both the matrix dominant, clay-rich tills and the gravelly clast- 
rich tills which, from other evidence, are considered to be of 
englacial or subglacial melt-out or lodgement origin. Kurtosis 
values in excess of 0.95 however, occur for tills which can be 
considered to be of supraglacial flow or waterlaid,melt-out origin.
Thus the kurtosis values can be of significance in delineating the 
tills which have undergone winnowing by water or by remoulding due 
to transportation subsequent to deposition. These mode of origin 
variations in turn control to a large degree the compaction, moisture •
content and density characteristics of the tills. It is not surprising 
then to find that kurtosis values can be correlated with density and 
moisture content properties of the tills (as explained in Chapter 13).
As has already been noted, almost all tills exhibit a split in their 
grading in the fine to medium sand range. This fact is of considerable 
significance in that the engineering characteristics of such mixed 
grain sediments will be dominated by the matrix until individual 
large scale particles gain grain to grain contact (see grading 
frequency distributions on Figure 87).
Based on the work of Holtz and Gibbs (1956) and Holtz and Ellis (1961) 
on the interaction of the gravel fraction of mixed sediments on the 
shear strengths of such soils and in the light of the data from the 
Brenig tills, interaction of the clay/silt fines and the gravel/sand 
portion of the material occurs even when gravel percentages are less 
than 20%. Interaction of -the composite clay/silt/sand fraction 
finer that the split size of the material, based on Brenig data, 
influences the shear strength properties of the tills until gravel 
percentages are in excess of about 50% of the total grading (see 
Figure 89). This type of trend also occurs with respect to dry 
density variations of the material, in that up to about 40% clastic 
component, the matrix dominates the compaction properties, whilst 
above an 80% clastic component, the till density is controlled by 
the gravel clast fraction (McGown and Derbyshire, 1977).
The split s i z e , ^ , provides one measure of this natural break in the 
grading between the coarser grained fraction and the matrix of the 
till, as shown on Figures 87 and 88.
Another useful measure of advantage for rapid correlation purposes 
and which is particularly applicable to tills of primary origin, 
because their split occurs in the sand range, is a matrix:clast 
ratio, defined by the ratio of the percentage silt and clay to the 
percentage gravel and coarser. In many cases where complete grading 
curves of a till sample are not available, the use of the matrix: 
clast ratio determined knowing only the total clay, silt, sand and 
gravel percentages can provide broad guidelines indicating the 
particular engineering grouping into which the till should be 
assigned (see Figure 90).
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FIGURE 89 INFLUENCE OF PERCENTAGE GRAVEL IN TILLS 
ON DRAINED STRENGTHS.
FIGURE 90 VARIATION OF MATRIX-CLAST RATIOS FOR BRENIG TILLS 
SHOWING TYPICAL TILL GROUPINGS.
Matrix:clast ratios determined from Brenig tills for which complete 
gradings are available can be closely correlated with the split 
size and percentage fine fraction divisions indicated by McGown and 
Derbyshire (1977), viz. tills for which matrix:clast ratios are in 
excess of about 1.5 can be inferred to be matrix-dominated and those 
with matrix:clast ratios significantly less than 0.6 can be assumed 
to be clast-dominated, the intermediate values being typical of well 
graded tills within which clast-matrix interaction governs the 
engineering behaviour.
Provided that the material is matrix-dominated (i.e. matrix:clast 
ratio in excess of 1.5 or cumulative percentage fraction of the soil 
above the split size less than~3£T%)f and provided that the split size 
for the till is in the range between 0.1 and 1.0mm (i.e. within the 
more or less non-plastic (sand) range), then the shear strength 
characteristics of the till will be largely controlled by the clay 
fraction of the matrix.
The permeability and consolidation characteristics of the tills, on 
the other hand, are more related to the void ratio and therefore to 
the structure of the overall material and as a consequence are not 
so dependent on the clay percentage as on the most dominant grain size,
The most frequently occuring grain size,- termed the mode, can be 
readily estimated if the sediment is unimodal and is not excessively 
skewed, by means of the following relationship:
M = 0 - Sk „cr (in 0 units)o oU q
where Sk , the quartile skewness, is
Q defined by Krumbein (1939) as:
<|375 “ ^25 * “ 205O 
Q ~  2----------
Alternatively the mode can be estimated using the momental skewness,
Mo =/* " Sk0-°'
Sk^, as:
whereyU. is the mean,
This relationship is generally more applicable where ‘tail1 skewness 
is appreciable (see Appendix B). For bimodal distributions such as 
primary tills, the modes of both the fine sized segment and the 
coarse sized fragments can be determined from the statistical grain 
size parameters determined from the two part distributions formed 
either side of the split size. Alternatively the modes can be 
determined from the complete grading curves as the modes occur at 
the sediment size at which the two maximum slopes occur on the 
cumulative bimodal grading curve of the primary till sample (see 
Figure 87). .
It must be noted that not all tills are bimodal in their gradings.
Many flow tills, waterlaid paratills and supraglacial melt-out tills 
tend towards the characteristic grading curves of waterborne sediments 
(see subsequent discussion in this chapter). Such tills commonly 
exhibit grading curves which are unimodal with typically the most 
frequently occuring grain size in the sand or gravel range. For 
such tills, caution should be execised in using the mode or an 
arbitrary split size as an engineering indicator.
The methods of analysis which have been used in deriving the 
descriptive statistical parameters for the sediments (the tills in 
particular) have been based on use of the cumulative grain size curve 
which is the standard engineering method of presenting grain size data.
The formulae for deriving graphically the standard deviation, skewness 
and kurtosis are not entirely rigorous in true mathematical statistics 
terms, but have been found to be sufficiently good approximations for 
routine descriptive sedimentological purposes (Folk and Ward 1957).
More rigorous derivations are given in Appendix B. They can each be 
derived directly from raw data from the sieve and sedimentation results. 
However, carrying out the computations tends to be significantly more 
tedious than the semi-graphical methods suggested previously and 
furthermore, the added 'accuracy' is often not warranted by the 
degree of variation possible within the original data.
On the basis of the grain size moment statistics semi-graphically 
computed from the grading curves for the Brenig tills, it has been 
found possible to group the sediments in terms of:
(i) mode of origin (i.e. primary, resulting from ice 
deposition, or secondary, resulting from partial or complete winnowing 
or reworking by water)
and (ii) general engineering characteristics (i.e. .kurtosis, 
skewness, split size and matrix:clast ratios can be used as indicators 
of the. effect of the .clasts or the matrix on till behaviour).
This latter aspect of generalized engineering classification of 
material properties by means of the grading curve, may be further 
enhanced by examination of sorting coefficients, which tend to, again, 
highlight the influence that water winnowing or secondary reworking 
has exerted on till characteristics.
For the case of the Brenig tills, those which are considered to be of 
englacial or subglacial 'primary' origin exhibit sorting coefficients 
in excess of 30, as determined from:
where Q„_ and Qoe. are the 75 and 25/D <£t>
. percentile values(expressed in
millimetres)- (see Trask, 1930). 
Waterlain sands and gravels, on the other hand, generally show sorting 
coefficient values to be in the range from 1.5 to 2.0.
As the dependence of engineering characteristics is so intimately 
related to the composition of the component parts of the till, a 
considerable importance is attached by the author to the grading 
analyses and in particular to the moment statistical parameters in 
grouping till properties.
(ii) Index Tests
For most of the Brenig tills where there is at least 20% fine fraction, 
the standard index tests including Atterberg Limits, moisture content, 
bulk density and void ratio determinations provide additional useful 
indicators of the engineering behaviour of the materials.
To this list of tests, in the context of the identification and 
classification of glacial materials, can be added such tests as 
fabric determinations, X-ray diffraction analyses and scanning 
electron microscope examinations. Furthermore, other simple index 
tests as can be applied during the advance of a borehole or as can 
be carried out during the logging of the cores from the drillholes 
put down through the glacial materials will also provide some index 
of the variability and consistency of the glacial materials. Such 
tests that can be readily carried out in a borehole include the 
standard penetration test. ^Tests which may be carried out on the 
samples include the hand penetrometer and the hand vane test. Both 
of these latter tests may be used to determine the consistency of 
the cohesive glacial materials. The standard core indices of core 
recovery and sample condition give yet another index of the variability 
of the encountered materials with respect to their drillability as 
discussed in Chapter 5.
Amongst the most commonly undertaken tests carried out for engineering 
classification purposes can be grouped the Atterberg Limits and their 
associated consistency indices.
Liquid and plastic limit determinations were carried out on the matrix 
portion of samples of each of the- tills at Brenig- (see- Figure; 91). 
Plastic limits were found to vary from about 15% to just over 20%, with 
liquid limits varying between 15% and about 40%. In general the primary 
matrix-rich tills which tended to exhibit higher clay contents also 
tended to show more plastic behaviour. This was not always noted to 
be the case for some of the yellow, weathered tills identified from 
matrix, fabric and grain size distribution characteristics to exhibit 
waterlain or clast-dominant behaviour. Such deposits exhibit higher 
plasticity values which can be attributed solely to-the influence of 
weathering.
FIGURE 91 LIQUID AND PLASTIC LIMIT RANGES 
FOR BRENIG TILLS.
Moisture content determinations carried out on the till deposits at 
Brenig revealed two interesting effects. Firstly, overlaid on the 
normal decrease of moisture content with depth, a discernible 
cyclicity was found from plotting the till moisture content values 
versus depth below ground surface -in the dam foundation area.
Near the surface, in the weathered tills and in the flow till deposits, 
moisture contents of the order of 15% to 20% were noted. At a depth 
of 10-20m,the moisture contents of the melt-out and gravelly tills 
were found to be of the order of 10% to 12%, whilst, in the interval 
from 25-30m below ground surface, corresponding with the zone of 
waterlaid paratills associated with the major rhythmite sequence (see 
Chapters 9 and 10), the moisture contents were again higher, of the 
order of 15% to 18%.- This variation in moisture content with depth 
is shown in Figure 32 while in Figure 33 histograms are presented 
illustrating the range of moisture contents and liquidity 
index values determined for the entire suite of Brenig tills when 
grouped together.
Secondly, although the variations in moisture content of the tills 
can be attributed to either changes in grain size composition or to 
differences in degree of compaction, or to a combination of both 
effects, it is significant that a distinct correlation exists between 
the naturd. moisture oontents of the tills and the Proctor optimum 
density and moisture content values that would be inferred from the 
modes of origin for the various till stratigraphic horizons. For 
instance, samples of grey till considered to be of lodgement origin 
taken from the drumlinized areas tend to be drier than, or at, their 
Proctor optimum-moisture content, while similarly coloured tills 
which exhibit more or less the same clay content but which, from their 
grading statistics and matrix fabric are presumed to be of waterlain 
or melt-out origin, tend typically to be up to 3% wetter than their 
optimum moisture state (see F i g u r e ^ ) .  Accordingly, they are less 
dense than their optimum dry density.
iie
PT
H 
BE
Lo
W 
Gf
co
urJ
fc 
Le
ve
l. 
(h
^t
r
h
s
)
301.
NATURAL MOISToRE 
10 20
CONTENT i%) 
30 40 5Q
10
2b
30
40
50
«» «>
# I*
*
o 
• •
FIGURE 92 VARIATION OF NATURAL MOISTURE CONTENT WITH 
DEPTH IN DAM FOUNDATION.
FIGURE 93 VARIATION OF MOISTURE CONTENTS AND LIQUIDITY 
INDEX VALUES FOR BRENIG TILLS.
Determination of the saturation ratio, defined as:
sp(»
indicates that the matrix-ttominated lodgement tills in general range 
from 90% to 93% saturation- while the melt-out and water lain tills 
taken from the saddle area or from locations in the clay borrow area 
tend to exhibit saturation levels closer to 100%., (see Figure^ 95-).
This trend of higher moisture contents and lower relative densities 
in the melt-out and waterlaid paratills fs also indicated by the trend 
of void ratios, although both density and void ratio comparison 
between till types are complicated by gradation changes in the 
materials. The tendency for clasts in the tills to be composed of 
the more resistant rock types, which often are of relatively low 
specific gravity when compared to the specific gravity of the material 
comprising the matrix,leads to a reduction in the bulk specific 
gravity of the gravelly clast-rich tills when compared with the matrix 
dominated tills. At Brenig, based on the fine fraction specific 
gravity determinations, on Proctor density tests and from calculations
from clast percentages, the gravelly clast-rich tills indicate bulk
• 3
specific gravities of the order of 2.60 to 2.68 T/m while the more
matrix-dominated tills tend to exhibit bulk specific gravities in the
3
order of 2.67 to 2.72, more akin to the values of 2.71 to 2.79 T/m that
m ».Gs
where m =* moistum content, %
G = bulk specific gravity of s
the material 
and e = void ratio, derived from
e ••= (G £ - t.)s w d
where ^  and are thew d
unit weights of 
water and the soil 
material respectively,
304.
CONTENTS FOR BRENIG TILLS.
Note: Most tills from clay borrow area and
saddle section of dam site. Till samples 
from drumlinized areas tend to form group 
at/close to optimum moisture content.
^0 ~
:n«iTontc: 
Cnrr&rr -
FIGURE 94 RELATIONSHIPS BETWEEN INSITU (NATURAL) MOISTURE 
CONTENT, OPTIMUM MOISTURE CONTENT, PERCENTAGE 
CLAY AND OPTIMUM DRY DENSITY OF VARIOUS BRENIG TILLS.
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FIGURE 95 POSSIBLE VARIATION IN SATURATION STATE FOR VARIOUS 
BRENIG TILLS AND VARIATION IN VOID RATIO OF 
UNDISTURBED AND' REMOULDED TILLS..
have been determined for the Brenig lacustrine materials and for the 
fine fraction matrix component of the tills (see Figure 96).
As discussed in Chapters 7 and 8, the variation of void ratio with
till type is heavily dependant on the mode of origin of the particular
till. Void ratios of the order of 0.3 are deemed characteristic of 
lodgement tills in a primary condition as exposed on the margins of 
modern glaciers. At Brenig, void ratios of the tills vary from 
0.2 to 0.5. Those tills which exhibit the lowest void ratios 
characteristically are the matrix-dominated fissured grey tills from 
the drumlinized areas of the site. The tills which show higher void 
ratios (of the order of 0.4) tend to be the imbricate, clast-dominated 
flow tills, strongly indicating that such Pleistocene deposits still 
retain elements of their original glacial fabric. In this regard it 
is significant that those tills which show the higher void ratios 
appear to be from the upper weathered zone-. These surficial tills
as indicated from their fabric (see Chapter 8) may have undergone a
certain amount of dessication, stress relief and reworking due to 
post-glacial weathering affects. Such weathering processes are 
thought to have given rise to subvertical, prismatic dessication 
fractures which locally have opened up the soil skeleton- giving the 
matrix of some parts of these weathered tills the appearance- 
characteristic of heavily overconsolidated fissured clays such as 
London Clay.
Tests carried out on samples of undisturbed and remoulded tills 
show that the void ratio of the typical grey tills from the foundation 
area increases by about 15% due to remoulding (see histogram on 
Figure 35j . >
It is significant that of all the tills tested at Brenig none 
exhibited the very high (0.8 - 0.9) void ratios recorded by Boulton 
and Paul (1976) from fresh melt-out till at Aavatsmarkbreen. Also few 
values at Brenig correspond to the typical values recorded by Boulton 
and Paul for moist flow tills (of the order of 0.6 - 0.7) which 
exhibited corresponding moisture contents of about 14% - 16%. It 
is suggested in several papers by Boulton and his co-workers that the 
properties of the tills change dramatically due to dessication, post- 
depositional shearing and consolidation of the surface zone after
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emergence from the ice front. In addition, it is indicated by Boulton 
and Dent (1974) that downward migration of fines occurs within 
exposed lodgement tills which tends to give rise to a more uniform 
deposit than was initially exposed. They consider that by this process 
the fine fraction mode so characteristic of the bimodal lodgement tills 
develops, while the surface zone becomes coarser and its void ratio 
decreases due to consolidation and drying out. Typical void ratio 
values quoted for the Icelandic and Spitzbergen deposits some distance 
from the glacier snout are of the order of 0.4, a value well within 
the range found at Brenig.
The index tests described above allow assessment of the variability 
of the engineering characteristics of the tills from small,scale 
samples. Such tests do not generally suffer to the same degree from 
the limitations of -sample size- and disturbance that so complicate 
strength, permeability and consolidation tests.
In any assessment o.f the characteristics of such complex materials 
as tills, the work by Derbyshire (1974), McGown and Derbyshire (1977) 
and others has shown the great insight that can be gained from an 
understanding of the macro and micro-structure of the material as 
discussed in Chapter 8. In terms of index testing, use of X-ray 
diffraction analyses in the evaluation of the clay mineralogy of 
the fine fraction has a significant role to play in understanding 
and categorizing the behaviour of both weathered and unweathered >
glacial materials(and tills in particular).
Amongst the most significant work that has been carried out on till 
weathering is work that has been conducted in North America. Both 
Droste (1955 and 1956) and Christiansen (1971) have carried out detailed 
evaluations of the changes in clay mineralogy that occur in the 
surficial zone of weathering of tills. Droste summarizes the results 
of his work on the tills of Illinois by indicating that, although 
clay mineralogy can be a useful indicator, for correlation purposes 
there is no substitute for field fabric data and grain size analyses.
His data from the Illinois tills indicates) that* with increased states 
of weathering the chlorite present in the tills undergoes alteration 
such that complex chlorite-vermiculite mixed layer clays develop in 
highly weathered tills. In addition, the processes of weathering
appear to affect the illites, in that in the highly weathered tills 
the illites become hydrated and in some cases mixed layered illite 
and mon t m o r i l i a n i te- result.- Stewart and M i G k l e s o n  (1976)- noted much 
the same trends but noted that the time dependence of the changes 
from illite to montmorillonita. is not as sensitive an indicator as 
the change from illite to vermiculite. For relatively fresh samples 
of tills that they analysed,illite values were of the order of 
57% -67% with montmorillonite contents of the order of 10% -25%.
With weathering,these tills showed various degrees of illite decrease.
In one of the tills the concentration of illite dropped by 50%, with 
an according increase in vermiculite/montmorillonite percentages.
For the Brenig tills, as for the tills described by Christiansen (1974), 
the identification of weathering in the tills is characterized by the 
colour changes associated with oxidization of iron and manganese. Such 
oxidation is the most prevalent and distinctive indicator of weathering.
X-ray diffraction analyses carried out by Derbyshire (1974) on the 
Brenig tills indicate similar spectrometer traces for the yellow and
i
grey tills (see Figure 3?). The mineralogy present is predominantly 
quartz, kaolinite, chlorite and illite or muscovite. In view of the 
parent mineralogy of the rocks of the Brenig area (Geol. Survey Map 
sheets 74 NW, 79 SW and 107) it is inferred that this latter mineral 
is illite rather than muscovite, although from assessment of the 
characteristics of the spectrometer trace it is by no means certain. . 
Droste (1956) discusses this problem of identification, stating that 
in some samples it is difficult to distinguish illite from the well 
crystalized micas, but that the characteristics of the 1 0 A  peak are 
diagnostic in identification. •
Despite this uncertainty, two interesting points emerge from the 
Brenig tills. Firstly they are not carbonate rich, presumably as a 
result of their origin from comminution of quartz and clay rich 
mudstones and sandstones. Secondly the oxidation of the tills is 
not accompanied by a significant development of mixed-layer clays 
such as has been identified elsewhere.
From visual observations, the colours that are noted of the upper 
weathered tills differ markedly from those of the deformation till

at depth. This is reflected in the diffractograms by a broader peak 
spread in the 6 to 12° 2© (14 — 7 A )  range on the spectrometer trace 
,from borehole IH19 (see location, Figure 8 ) when compared to the 
yellow till from the core trench. The broad peak in the trace of the 
IH19 sample could indicate the presence of altered illite or of Fe-rich. 
chlorite. In view of the heavy limonitic staining of the subjacent 
bedrock, it is inferred that the strong orange colouration is the 
result of finely dessiminated iron and that the broad spread results 
from oxidation and hydration of the Fe-rich chlorites.
The XRD results and the difference in colouration between the 
distinctly orange basal tills at Brenig and the surficial weathered 
yellow tills is not the only feature which tends to suggest that the 
orange till is stained by slow upward percolation of ground water 
from the bedrock. Strong evidence that the orange till has not-been 
exposed to normal weathering is that its upper surface is everywhere 
transitional. No evidenced f  a continuous discontinuity or other 
feature that could mark an erosional break was noted. In addition, 
the results from the normal Atterberg limit testing and from grading 
analyses did not suggest any significant alteration of properties 
across a transitional boundary from grey till to orange brown till 
where the till fabric appeared similar. If the surface of the orange 
tills had been an ancient erosional surface, the till would have 
exhibited similar properties to the weathered-surface skin of the 
yellow tills. That is, such features as a noticeable increase in 
clay content, significantly higher liquid and plastic limits, higher 
activity, and the development of a prismatic dessication fissure 
pattern would be apparent from the samples or in exposures of the 
orange tills near the boundary with the overlying grey tills. No 
discernible difference in geotechnical character was recorded from 
examination of material from either side of the transition zone. . 
However, with depth, and in general, the orange stained tills are 
more gravelly than the grey tills and tend to exhibit a more sandy 
matrix (see grading curve of till type K on Figure 85).
The mineralogy of the grey Brenig tills as indicated from the XRD 
traces is similar to that for many other tills found around the 
world. However, the lack of high carbonate contents, as indicated 
by the spectrometer traces and confirmed by the carbonate ‘determinations
carried out in conjunction with the grading analyses negates the use 
of carbonates as a diagnostic indicator for -till groupings-. Typical 
carbonate contents recorded for the tills at Brenig are less than 2%
(see histogram on Figure S-p). Such carbonate values are significantly 
less than those obtained from the Ontario tills tested by Wilding et 
al (1971), who report that it is the carbonate content which, influences 
the weathering processes, suggesting that in tills with higher initial 
(primary) carbonate content, weathering of the illitic clays gives 
rise initially to vermiculite and ultimately to montmorillonite. In 
clay tills containing less carbonate, they maintain that the weathering 
process tends to advance- only to the transformation from illite to 
vermiculite,without the additional step to montmorillonite occuring.
This is somewhat at variance with Droste's work, wherein he suggests 
that chlorite is the most unstable mineral and that production of 
vermiculite in the weathered tills develops from the chlorite well 
before the carbonate is leached out and the illite starts to alter.
At Brenig, where carbonate percentages are low, it is feasible that, 
with weathering,any carbonate content wou’ld be leached out entirely, 
such that both illite and chlorite would be susceptible to alteration. 
The pH values determined by Derbyshire (1974) on samples of the tills 
would suggest that such leaching has in fact occured in the Brenig 
tills. The pH of the grey tills ranges from 7.1 at 40m depth to 6.0 
at 5m depth, while in the yellow surficial tills exposerd- in the core ' 
trench and in the near—surface zone of the exploratory boreholes it is 
of the order of 4,0. Such acidic soils would tend to be devoid of 
carbonate and possibly as a result, the weathering products of the 
parent grey tills at Brenig may exhibit different mineralogical
characteristics when studied by X-ray diffraction than were noted for
\
the Ontario tills.
A further problem with regard to the comparative use of XRD traces 
from various published sources with those obtained by Derbyshire (1974) 
for the Brenig materials is that different methods of sample preparation 
have been utilized by the various authors. The Brenig materials were 
analysed as deposits from a suspension which had been placed on glass 
slides prior to air drying. This common technique had also been used 
by Droste (1955 and 1956). • •
Data from detailed work by Stokke and Carson (1973) and by others
indicates that there are significant problems inherent in this- pipette
method of placing the sample on a., glass slide for XRD determinations.
Differences in thickness and amount of material deposited can give
rise to appreciable differences in the diffractogram produced in the
17 ft (4 - 6° 29) range, so much so that the presence of montmori-llonite
may not be detected if the amount of material placed on the slide is
2
less than 0.004mg/cm, (Stokke and Carson, 1973). Thus the fact that 
no appreciable 17 R peak appears on the Brenig diffractograms is not 
entirely indicative that mixed-layered montmorillonite clays are 
entirely absent, the conclusion reached by Derbyshire (1974).
Fortunately, material thickness on the XRD sample mount,when deposited 
by the pipette method,does not appear to significantly affect the 
other major clay minerals such as illite and kaolinite (10 % and 
7 R respectively), or the other major minerals identified in the Brenig 
tills.
The data from the XRD traces of the Brenig tills, see Figure 97, indicates 
that quartz, micas and kaolinite form the major minerals in the matrix. 
From examination of the exposures of weathered greywacke and mudstone 
in the Brenig area, it appears that the majority of the kaolinite 
develops from degradation of the feldspars existing in the comminuted 
rock debris, the remainder possibly being derived from degradation of 
feldspar grains in the till clasts once incorporated into the deposited 
material. >
Dreimanis and Vagners (1971) in their classic work on the relation of 
the "terminal" grain size for different minerals found in till, 
indicate that both feldspar and quartz and most of the other non­
carbonate minerals they examined give rise to a bimodal distribution 
of "terminal“ sized mineral grains; one mode in the size-range of silt 
(of the order of 0.03 - 0.06 mm diameter) and one in the range of 
a fine silty sand (0.1 - 0.25 mm diameter). In addition, quartz also 
occurs at a finer mode, in the silt range (at a grain- size o.-f the 
order of 0,004 - 0.007 mm diameter) (See Figure 99 ). These ranges 
correlate very closely with the typical fine fraction mode locations 
for the extreme range of the 'basal lodgement tills' at Brenig. The
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fine fractiom modes found from the till grading curves tend to occur 
either within the medium silt range (0.006 - 0,02 mm diameter) or 
in the fine sand range (0.06 - 0.02 mm diameter). The fine sand size 
mode could correspond to tills rich in feldspar or quartz while the 
medium silt sized mode suggests that quartz predominates in the till 
matrix (see histograms on Figure 98).
The indications from the XRD analysis and the A-fcterberg limit tests 
of variations in matrix mineral content and of the influence such 
variations have on engineering characteristics is important in 
explaining and understanding the significant differences in character 
(particularly in strength) of some of the tills.
Field identification of the variations in till type is beset with 
sampling difficulties and problems of disturbance, as discussed in 
Chapters 5 and 6. The Index tests discussed above, if carried out on 
the matrix of the recovered samples, can never substitute for field 
determined characterization of the material, even when the index 
tests are combined with macro-fabric analysis and stereoscan micro­
scope studies. ■ '
Field characterization, however, unfortunately requires visual 
appreciation of the material. This is especially true of the till, . 
where fissuring, clast concentrations and interlaminated glacilacustrine 
sediments can significantly affect the properties of the materials.
Once a thorough understanding of the interrelationships of the tills 
one to another and with respect to any glacilacustrine sediment has 
been achieved, the use of index testing can be invaluable for aiding 
in the rapid correlation of material types from one place to another 
in the glacial pile. At Brenig, using known exposures as a baseline 
for correlation purposes, field index tests were1 utilized, by the 
author as an aid in appreciating the material property variations of 
the heterogeneous glacial foundation materials that could not be 
inspected visually. Some measure of the changes of properties within 
the till layers comprising the foundations of the dam was accomplished 
by means of the standard penetration test, by use of core recovery 
indices and by utilizing the hand penetrometer as an index tool during
logging of the cores obtained from the exploration boreholes.
Much has been written around the. results, of the standard penetration 
cone or split spoon test for determination of soil density and 
consistency and then by inference from extensive data accumulations 
from other sites, making assessments of more significant geotechnical 
parameters such as relative density, consolidation character and 
material strength.
The standard penetration test is cheap, robust and simple and although 
interpretation of the results is open to some debate, the technique 
has the distinct advantage of being usable in cohesionless materials,, 
a factor not insignificant in mixed glacial stratigraphy where most 
conventional sampling methods fail dismally to recover samples 
and within which many static cone penetrometers are patently 
unable to function effectively as the materials are too dense for 
penetration advance. The SPT may also suffer from lack of advance 
due to striking a large clast in the till matrix, but generally such 
occurences can be readily identified and the result ignored in 
compiling a depth versus N-value chart such as that shown in Figure 99 
for the dam foundations at Brenig.
Attempts were made to use the dutch cone through the tills forming .
the foundations of the dam. A sophisticated truck mounted direct
electrical readout cone penetrometer was used at the start of the '
1976 investigations. Although great hopes were held that the 
apparatus would be able to penetrate the tills and locate any horizons 
of soft clays within the glacial sequence the density and the cobble 
and boulder content of the tills made the experimental use of the 
cone unviable.
Experience with a similar cone penetrometer in softer, more cohesive 
tills and glacial lake clays at Redcar (Marsland, 1977) had been 
successful in obtaining curves of cone resistance and sleeve friction 
which indicated that significant variations occured in till properties 
through the 4m thick till present at the Redcar site. However, based 
on Brenig experience, it appears that without some built-in method 
of coring through obstructing cobbles and boulders, direct penetrometer
N-VAi-u£S
FIGURE 99 VARIATION OF N-VALUES OBTAINED FROM STANDARD 
PENETRATION TESTS IN TILL IN FOUNDATIONS 
OF THE BKENTG DAM.
testing cannot be applied to tills in general. The successful cone
penetrometer application through the tills and laminated clays at
Redcar where the undrained shear strength, Cu , of the tills is of
the order of 1/3 to 1/2 of that at Brenig and the maximum cone
2
resistances are of the order of 5 MN/m , would tend to suggest that 
with advances in the capability of penetrometer equipment it may one 
day be feasible to tackle more typical tills which contain significantly 
more cobbles.
Although similar difficulties of cobble obstructions were experienced 
with the standard penetration tests, because the test was carried out 
in a borehole, wherein other tools could be used to clear away the 
obstruction, it was possible to overcome the problem. This, however, 
did result in some spurious N-values as a result of ground disturbance, 
as,in undertaking the SPT test,on occasion it was found that cobbles 
and large clasts could be driven in front of the cone tip or the 
cutting shoe of the apparatus, giving rise to a significant degree 
of disturbance of the material below the cobble. As a result, once 
the cobble had been extracted, a second unreliable N-value was 
obtained from the strata immediately below the removed till clast.
In order to avoid such difficulties, SPT tests in hard ground,where 
full penetration was not achieved with the first 50 blows,were stopped „ 
and the actual penetration noted. The number of blows for the 
standard 300mm of penetration was then obtained by extrapolation.
Typical N-values obtained in the tills at Brenig varied from 5 - 20 in 
the flow tills comprising the upper 5 metres of the foundation, 
through 20 - 40 in the depth interval from 5 - 15m within which most 
of the melt out and waterlaid paratills occur, to values generally 
in excess of 50 below a depth of 20 metres. Individual low values 
were determined in the immediate proximity of rhythmically bedded 
glacilacustrine horizons.
In conjunction with the routine core logging, total core recovery and 
solid core recovery index values were determined for each core run.
Both the total and solid core recovery indices for the matrix-dominated
tills were found relatively easy to assess as the core remained in a 
cylindrical state. In the clast-dominated gravelly tills and in the 
interdigitated gravel units, total core recoveries were assessed by 
repacking a tube of the same size as the core barrel with the recovered 
gravel fragments to determine an equivalent recovered length from 
which to calculate the percentage recovery. Any cylindrical core 
within the core run within which the matrix remained visually
« i
undisturbed was counted in the ’solid' core recovery percentage.
Even with detailed analysis of the core recoveries achieved in the 
various materials using the different flush types as discussed in 
Chapter 5, it was not found possible to differentiate between 
morphological till types on the basis of core quality. However, 
based on the characteristics of the tills recovered in visually 
*undisturbed*form,using either mud or water flush techniques, a lower 
limit of ‘undisturbed’ corai>ility can be assigned-, dividing the tills 
which exhibit greater than 40% fine and medium silt, which appear 
to core without difficulty, from those tills which are essentially 
gravel dominated with little matrix. The gravels and very gravelly 
tills which exhibit less than 30% plastic fines are still more 
difficult to recover even using mudflush techniques.
Nevertheless, for the core recovery data for the holes from the 1974 
investigation supervised by the author, a crude delineation can be 
made between the matrix-dominated tills which are recovered in a 
relatively'undisturbed*state, and the clast-dominated, ver\j gravelly 
tills or gravels for which occasional coarse fragments and a little 
sand or sandy silt is usually all that is recovered. 80% core 
recoveries are typical for the poorly sorted, matrix-dominated tills 
at Brenig, which generally contain in excess of 40% clay and fine to 
medium silt (see grading curves for tills F,G and H on Figure 05), 
while recoveries in the clast-dominated gravelly tills, which 
exhibit between 25% and 30% plastic fines (less than 0.02mm), are of 
the order of 48% to 50% (see grading curves for tills I and J on 
Figure 85). Recoveries are typically less than 30% in the very 
gravelly tills and in the washed gravels where the cohesive and plastic 
fine fraction is virtually absent and for which plasticity indices are - 
generally less than 5%.
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When the core logs for the foundation boreholes are plotted as 
histograms (see Figure 100), they show a general increase in core recovery 
with depth when drilling with mud or waterflush techniques. With air- 
flush, this trend appears to be reversed (see Table 5). Results suggest
one of two things; either the tills and other deposits at depth are 
more clay rich, or they are denser than similar materials nearer the 
existing ground surface. On the basis of the known stratigraphy (see 
Chapter 10) and taking note of the N-value data, the penetration speeds 
and the grading analyses, it is considered that the deposits are 
primarily more clay-rich at depth because of their mode of origin*
However, there is a significant increase in relative density and an 
associated decrease in moisture content with depth, which could partially 
account for the better core recoveries achieved at depth*
One of the major uses of index testing is to allow cheap, reliable 
material property assessments to be made on similar deposits from 
different locations, for correlation purposes. For this purpose, any 
reliable quantitative technique is valuable.
Truly 'undisturbed' samples of till suitable for engineering testing are 
usually difficult to obtain. Thin walled samplers may suffice in 
sampling weak plastic clay tills. However, such samplers generally 
create some disturbance which markedly reduces measured shear 
strength. U100 samples g^ve rise to a greater degree of disturbance 
but allow samples in stiff clay tills to be obtained. As discussed * 
in Chapter 4, the core obtained by rotary drilling, especially using 
triple tube techniquesywhereby the inner barrel remains, as a protective 
non-rotating sleeve around the sample, constitutes the best available 
technique for obtaining representative samples of material from the 
tills,where the depth from which the information is required is 
outside the scope of normal trenching or test pitting.
As well as providing material in a relatively undisturbed state, 
suitable for comprehensive testing purposes, the character of the cores 
also allowed extensive rapid index testing, by means of the hand 
penetrometer. This index was used by the author for correlating the 
strata between the holes and for assessing variations in material 
strength of the deposits.
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FIGURE 100 TYPICAL DRILLING RECOVERY IN BRENIG GLACIAL DEPOSITS.
As a routine part of core logging, the author carried out pocket 
penetrometer tests on the core at metre intervals. Depth plots of 
the penetrometer values for individual holes correlate well with 
visual descriptions of the core and with changes in morphological 
till type as inferred from other diagnostic data, such as gradings 
and fabric analyses. However, as with the core recovery, N-value 
and moisture content determinations, when plotted against depth for 
several holes, no clear patterrr emerges-, other than a general overall 
increase in strength of the tills with depth and possibly a slight 
decrease in the strength of the interdigitated glacilacustrine and 
waterlain paratill deposits (see Figure lOl). However, when grouped 
by material type the penetrometer tests indicate that the matrix-
dominated tills of basal meltout or lodgement origin exhibit unconfined
2
compressive strengths, q^, of the order of or greater than 480 kN/m
while the waterlaid paratills and supraglacial meltout tills of the
2 2 saddle area show q^ values of the order of 300 kN/m and 400-420 kN/m
respectively (see histogram on Figure 102).
Tests carried out on cores of the clast rich orange deformation till
at the base of the stratigraphic sequence consistently indicated
2
q u values of the order of 450 kN/m , while those carried out in the 
yellow-stained,weathered,surface materials were much more variable, 
two peaks being evident from the histogram (see Figure 102). The q^
peak at 400 kN/m is derived from tests mainly carried out on tills
- 2 
of the saddle area, while the q^ peak in excess of 500 kN/m (the
madmum range of the instrument) is primarily attributable to material
from the surface weathered zone of the drumlins at Ch.410 and Ch.920.
Based on the uniformity of results achieved by these penetrometer 
tests, when carried out on the matrix material between till clasts, 
it is the author’s opinion that such testing is a good measure of 
matrix consistency, and by correlation, matrix strength. Thus, for 
most of the matrix-dominated tills, provided there is less than 50% 
gravel content in the tills such that the matrix contributes 
significantly to the material strength, the penetrometer can provide 
a fast, efficient index method for determining material strength
323.
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variations. It is therefore encouraging that the values of undrained 
shear strength, C^, calculated from the penetrometer indentation 
determinations of q^, assuming the 0U=O condition (Terzaghi and Peck, 
pll5), accord relatively closely with the data obtained from 
comprehensive strength testing of block and core samples.
(iii) Basic material properties .
As the determination of ’representative* shear strengths and other 
properties is central to interpreting the relationship between the 
engineering characteristics of glacial materials and the morphological 
form of the glacial landforms, it is necessary to ensure firstly that 
adequately sized, undisturbed samples have been tested, and that 
secondly comprehensive careful evaluation has been undertaken of the 
results of the testing.
This latter aspect is of particular consequence in the assessment 
of the strength of the tills, particularly the extensively fissured 
clay tills, as such materials although tending to exhibit some of the 
properties attributable to normally-consolidated ’typical' clay soils, 
in many respects behave more akin to 'soft1, highly ’structured’ rocks 
such as shales and marls.
The classic approach for analysis of soil and rock strength has 
traditionally been based on the Mohr-Coulomb failure criterion .....
'C, — gp tan*. 0 + c
where "C and. <T are: the shear and
normal total stresses at failure 
and 0 and c are the apparent friction 
angle and cohesion respectively 
in terms of total stresses.
These Mohr-Coulomb parameters, in spite of their names, cannot each be 
uniquely identified with friction and cohesion.
The internal shearing resistance mobilized at failure in a 'cohesionless1 
soil, such as a sand, or in a hard rock, will be a function of 
(a) the interparticle (effective) stresses acting within the material 
skeleton normal to the plane of shearing, and (b) the angle of internal 
friction, 0, which itself is dependant not only on the rolling and 
sliding friction between grains, but also on the degree of interlocking 
present. The portion of the shear stress required to overcome inter­
locking of the grains in such cohesionless materials is dependent to a 
large degree on the initial void ratio or density of the material. The 
grain shape, too, has a significant effect on shear strength, as more 
angular grains and larger grains both give rise to an increase in shear 
strength due to greater frictional resistance and a wider zone of 
failure respectively. Such factors have a significant influence on 
the frictional strength of mixed grain size materials.
In clays, particularly overconsolidated clays of high brittleness 
(Bishop, 1967), and in many soft rocks, there is a significant loss 
of internal shearing resistance after initial failure. It is 
considered that this reduction in strength is brought about by 
reordering of the clay particles into parallel face arrangements.
The friction angle corresponding to the shear strength of the 
reordered material has been termed the residual angle of friction 
(Skempton .1964, Skempton and Petley 1967).
The true cohesion.value for a soil is that part of the resistance *
to shearing between individual particles resulting from overcoming 
the electro-chemical bonding existing between the particles. The 
magnitude of the cohesive forces that will exist between such 
individual particles will be dependent almost exclusively on the 
size and mineralogy of the particles. However,the chemical composition 
of the pore water in the soil,, the moisture content of the soil and 
the presence of the thin film of adsorbed water which is bonded 
electro-chemically to the particles, each exert some influence on 
soil cohesion.
Furthermore, with compaction, cementation or diagenesis (i.e. the 
transformation of soil .to rock) additional bonding is built up within 
the soil skeleton. This contributes significantly to the measured
cohesion. In fact, such interparticle bonding, with further pressure- 
induced consolidation, will ultimately give rise to the structural 
rigidity characterized by the tensile strength inherent in rocks.
For cohesive soils, the original Mbhr-Coulomb failure criterion was 
modified by Terzaghi in 1923 to cope with the problem of the variation 
of total stress parameters with moisture content. Terzaghi 
revolutionized soil mechanics when he introduced the concept of 
effective stress, redefining the Mohr-Coulomb slope of the bounding 
straight line tangent to a series of Mohr circles as the effective 
friction angle, 0 ’, and the intercept to the straight line as the 
effective cohesion, c'. The total normal stress acting on the failure 
plane he noted to be comprised of a portion resulting from the grain 
to grain (effective) stress and a portion from the influence of the 
pore water. From this the normal effective stress was defined i.e.
crj = <5*^ - u . where <J^is the total stress
and u is the pore pressure in 
the soil skeleton.
Bishop and Skempton and- others have further refined the use of the 
effective stress concept in soils. In particular, their work in the 
mid-1950's laid the grounding for current methods of assessment of 
the influence of pore pressure-on soil-strength.
In rock mechanics, effort has tended to be concentrated on understanding 
the processes of fracture initiation and the development of cracking 
under brittle failure. As crack development defines the onset of 
failure in hard, intact rocks, the understanding of crack propagation 
is of critical importance to evaluating the strength of the rock.
Unlike most soils, the cohesive and frictional properties (c and 0) of 
hard rock are not significantly altered by the presence of water. Any 
reduction of the shear strength of such rocks in the presence of 
water is due almost entirely to a reduction of normal stress across the 
failure surfaces. As a consequence, it is the water pressure and not 
the moisture content that is important in defining the strength 
characteristics of hard rocks.
The half way ground between soil mechanics and rock mechanics can be 
found in the grey area of our present understanding of material 
behaviour between soft rocks such as mudstones, shales or marls, and 
overconsolidated stiff fissured clays such as tills.
Other than for intact rocks, the most significant factor which 
influences the shear strength of a rock is its structure as controlled 
by the scale of discontinuities (joints, cleavage and bedding planes) 
that occur within the sample being tested. With stiff fissured clays 
the same is true. The structure of these clays is dominated by the 
incipient discontinuities (fissures) which transect the material. The 
inter-relationship between measured strength, fissure spacing and 
orientation and the size of the sample that is tested controls the 
representativeness of the numbers obtained,.
The influence that discontinuities play in controlling the properties 
of the sample is illustrated in Figure 103 which shows the relation 
between the change from a sample of intact material to a sample 
controlled entirely by the discontinuities*
By selective, careful sampling, using many small scale(undisturbed’ 
specimens,specifically oriented where required, it is possible to 
test individual components of the fissured soil or rock mass, including 
testing the intact material between macrofissures. As discussed in 
Chapter 8, such macrofeatures are of primary engineering importance 
in that they control the mass behaviour of the material. The micro­
structure of the materials, particularly the pebble/fissure fabric 
of the- tills gives rise to further anisotropy in rintact' properties 
in much the same way as cleavage in slatey rocks or schistosity in 
many soft meitamorphic rocks dramatically influences the directional 
strength or permeability characteristics of the intact rock away from 
joints and other macro-discontinuities.
A considerable amount of research work is currently being undertaken 
in both soil and rock mechanics to come to grips with a realistic 
failure criterion for natural materials. In soil mechanics, the 
concepts of critical state and of various types of 'failure surface' 
in different materials have been advanced by extensive study of 
strength tests carried out in the ring shear apparatus at Cambridge
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FIGURE 103 INFLUENCE OF SAMPLE SIZE ON PORTION OF MATERIAL 
FABRIC SAMPLED.
IDEALIZED SKETCH ILLUSTRATING NATURAL SLOPE IN 
FISSURED TILL
SAMPLE A - INTACT MATERIAL (Size of sample less than 
smallest fissure spacing)
SAMPLE B - SINGLE FISSURE
SAMPLE C - SEVERAL FISSURES - Typical of most common 
engineering sized samples
SAMPLE D - SEVERAL FISSURES hut not full suite represented
SAMPLE E - FULLY REPRESENTATIVE FISSURED AND JOINTED 
MATERIAL.
University (Schofield and Wroth, 1968), Some limited work has 
also been carried out using the critical state concept in the 
testing of rock by Brown and others at Imperial College 
(Gerogiannopoulos and Brown, 1978).
In parallel with this work, considerable insight into soil material 
behaviour has been gained from special triaxial testing to study the 
shape and meaning of the stress paths followed by a sample en route 
to failure (Lambe and Marr, 1979, Chandler 1967, Vaughan et al 1975, 
and many others).
However, in spite of the excellent research work being carried out by 
many workers in both soil and rock mechanics, no comprehensive failure 
criterion has been established to date to entirely cover the behaviour 
of the soft rocks or of the heavily overconsolidated soils.
Accordingly, the empirical approach to brittle failure described by 
Hoek (in Stagg and Zienkiewicz,1969 Chapter 4) and by Hoek and Brown 
(1980) for modelling the curved failure envelope associated with rock 
failure has been extended by the author to overconsolidated clays in 
an attempt to categorize the behaviour of the Brenig tills which, like 
most tills and stiff clays, tend to exhibit distinctly curved Mohr- 
Coulomb failure envelopes.
Based on the results of Hoek and Brown's work, the effect of water in 
the pores of a rock appears to be manifested only in a reduction in 
the uniaxial compressive strength when compared with tests on dry 
specimens and not in a significant reduction in friction angle. The 
general procedure in rock mechanics testing, therefore, has been to 
attempt to determine a representative failure envelope from tests on 
samples maintained in a saturated condition at natural water content. 
Because of the low porosity of rock, such tests will remain undrained 
tests in the soil mechanics sense^unless the pore structure of the rock 
is sufficiently connected to allow drainage and the loading rate is 
sufficiently slow to permit internal fluid pressures to equalize 
during the testing.
However, in general, other than in soft rocks such as shales, marls 
and some sandstones, no special provision is made in rock testing to 
attempt to measure pore water behaviour. For the analysis of the 
behaviour of the soft rocks and of the Brenig tills, the concept of 
effective stress is most applicable with drained tests or undrained 
tests with pore water pressure measurements being required to provide 
the necessary data.
The empirical failure criterion in terms of total stresses for rock 
suggested by Hoek and Brown based on the rock failure theory of 
Griffith (Hoek 1969, Jaegar and Cook 1976) can be expressed as: —
cr - Cf + / mcr O- + scr21 3 V c 3 c
where cr^  is the maj.or principal stress . 
at failure 
is the minor principal stress 
at failure •
o' is the uniaxial compressive strength 
of the intact rock material in 
the specimen 
and m and' s are empirical constants which 
depend on the properties of the 
■ rock and upon the extent to which 
it has been fractured in situ 
prior- to being subjected to the
stresses o* and o%.1 3
This relationship is shown diagrammatically in the top diagram on 
Figure 104, with the corresponding shape of the Mohr failure envelope 
shown in the lower diagram.
For rock specimens tested in uniaxial compression, where cf = 0, then
r 2*
a unconfined compressive strength = s scrc *
For intact rocks it follows therefore that s = 1. For fractured 
rocks other values of s and of the frictional constant, m, are 
applicable.
*  <5* +  RELATIONSHIP BETWEEN PRINCIPAL
STRESSES AT FAILURE
Triaxial
compression
Tension Compression — —
Minor principal stress 
• or confining pressure
03
Relationship between shear and normal 
stresses arid principal stresses
t  =* i(ffl " CT3) S I n  2 0
a  ■  i ( o i  + 0 3 ) -  Jr( a i  -  c ^ J C o s  2 0
where 0 is the angle between the failure 
surface and the direction of the maximum 
principal stress aj.
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FIGURE 104 GRAPHICAL PRESENTATION OF FAILURE CRITERION FOR 
INTACT ROCK FAILURE (After Hoek and Brown, 1980).
Unfortunately, the above equations cannot be applied directly to 
describe the relationship of the principal stresses cr' to cr' in-L O
effective stress terms for intact samples of overconsolidated clays 
or for clay shales or- marls as the failure- envelope for such materials 
in terms of both.total and effective stresses- passes so close to or 
even through the origin that the empirical curve fitting equations 
break down. Only in the case of fully undrained tests without 
lateral constraint can a comparable unconfined compressive strength 
for such soils be determined based on the 0* = 0 condition (Terzaghi 
and Peck p.114). This seeming incompatability between this hard rock 
failure criterion and classic soil behaviour is characteristic of the 
problems inherent in analysis of overconsolidated clays and soft 
rocks.
For soils, three yield states have been identified describing the 
condition of a sample immediately prior to failure. These can be 
expressed as surfaces in the three dimensional volume-stress space 
as shown on Figure 105, where q and p ' are the deviator and axial 
effective stress components and v is the specific volume of the soil 
under consideration, i.e the volume occupied by a unit volume of 
solids in the sample. These three surfaces first described for 
soils as identified on Figure 105 have been found to describe very 
specific physical stages of the process of deformation and failure 
of both soils and rocks undergoing triaxial compression. The 
Roscoe surface is the state boundary describing the q, p' stress 
paths taken when undergoing triaxial loading of either drained or 
undrained normally and highly consolidated specimens. The Hvorslev 
surface has been found to define the state boundary for both,heavily 
overconsolidated specimens and soft rocks along which failure is 
propogated, while the transition from the Roscoe surface to the 
Hvorslev surface, defined as the critical state line marks the point 
of maximum deviator stress during a triaxial test, i.e. the point 
at which failure is ideally deemed to be initiated.
For soft rocks such as marls and many shales under either drained 
or undrained conditions failure at low-confining- pressures (and in 
unconfined compression))frequently occurs in a brittle manner 
showing distinct strain softening and high brittleness index (refer
Geometry of yield curve and critical 
state line in p'q space at constant 
void ratio (volume).
Critic** ito*»
FIGURE 1Q5 SCHEMATIC PRESENTATION OF VARIOUS STATE SURFACES 
AND DEFINITION OF CRITICAL STATE LINE FOR 
TRANSITION BETWEEN HVORSLEY AND ROSCOE SURFACES.
to upper stress-strain curve in Figure 106 which shows a typical 
stress-strain curve for marl in unconfined compression). With 
increased confining pressure, behaviour is more plastic, the 
tendency to tensile splitting observed in unconfined compression 
tests on such soft rocks giving way to the more ductile failure mode 
characteristic of many tills where slight strain hardening and low 
brittleness indices are common (see lower diagram on Figure 106).
With the more competent rocks, such as have formed the basis of the 
Hoek and Brown empirical failure criterion shown on Figure 104, 
for most practical purposes behaviour is of a brittle nature. Only 
at high confining pressures and temperatures in rock is the transition 
to more ductile behaviour seen.
Accordingly the author has extended this approach to developing an 
empirical failure criteria using the same form of solution as that 
of Hoek and Brown,but arranged so as to describe the relationship 
between the deviator and axial components of the principal effective 
stresses'observed from tests on typically overconsolidated tills and 
soft rock such as marls, so that the relation can be'applied in 
particular to the Brenig tills.
From most of the drained and consolidated undrained triaxial tests 
carried out on the Brenig tills the relationship between the 
principal effective stresses at failure has been plotted. The results 
for intact ’unstructured1 till samples are shown on the left diagram 
on Figure 107, while on the right diagram is illustrated the Mohr- 
Coulomb failure envelope for these tests plotted in terms of effective 
stresses. It will be noted that the shape of the failure envelope 
for these tills, as for that of the typical marls shown on Figure 108, 
is significantly curved, but that unlike the typical envelope for 
most other brittle rocks as shown on Figure 104, both the marls and 
the tills at low confining pressures tend to ductile failure.
The failure envelopes shown on Figure 107 for typical tills and on 
Figure 108 for typical marls can generally only be subdivided into 
two of the stress states shown on Figure 105. Nevertheless, in
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FIGURE 1Q6 COMPARISON OF STRESS-STRAIN CURVES FOR MARLS FOR 
VARIOUS CONFINING PRESSURES.
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developing an empirical failure criterion that will adequately 
describe the soft rocks/hard soils, the author has attempted to 
describe each of the three states. A yield criterion equation 
relating the effective stress components at failure of the form 
q = A p '/(1+Bp') is proposed, where A and B are constants, and A>B>0.
Provided that A is greater than or equal to 1, these constants
allow the tensile failure surface to be described uniquely within the
stress range C^O, as ex' varies up to the unconfined compressive strength3 JL
cr at which point cr = or* and q=p*= cri/2. Thus for rocks and other c c l  l
materials where a distinct tension surface can be defined using the 
proposed failure equation, this point may be determined from the 
yield constants as o*c= 2q = 2(A-1)/B. Furthermore, the magnitude of . 
the ultimate deviatorial stress may be determined from the yield 
equation, for at this maximum q value, the transition from 
the Hvorslev surface to the Roscoe surface occurs. Within practical
limits, the maximum q representing the maximum possible shear strength
A
of the material can be determined as q ,. = — . Furthermore, asult B ’
one tends towards the critical state between the Hvorslev and Roscoe
surfaces, the Mohr-Coulomb failure envelope reaches a slope of zero
gradient. This is modelled reasonably correctly by the proposed
equation. The maximum value of the axial principal stress component
p 1 at this critical state can be readily estimated from the yield
equation constants as
, qult
P max “ ----------------
(A - 0.9Bqult)
where the factor 0.9B is tentatively introduced based on analysis of
others' experimental determinations of the location of the critical
state line in both rocks and soils. The values of p 1 and q
max ult
based on the above equations may be used to determine directly a 
friction angle characteristic of the material at the critical state. 
On the assumption that a simple Mohr-Coulomb shear strength criterion 
with zero cohesion is applicable immediately prior to and at the 
critical state, then
-u. qsin ^0 » - _ - l  Hult
P 1 max
It should be noted that in all of the foregoing discussion the
effective stress components p 1 and q have been treated in cylindrical
O'* -f- cr* <yl — o'*
stress terms i.e. p* = 1 3 and q = 1 3 . This has
2 2
been done for convenience in relating directly to the dimensions of
the Mohr circles defining the required shear strength/stress plots
deemed useful in relating the Brenig materials to their glacial mode
of origin.
The stress components can also be expressed in spherical components
(where o^ is considered equal to cr'). Under these conditions 
crT + 2c'*jp1 =___ 1_____ 3_ and = cr| - o^ for which Schofield and Wroth
(1968) determined that the ratio p/ q defined as M, can be expressed
as a function of 0^, the critical state effective friction angle, as
M , 6 sin 0'c ■
3 - sin 0 r c
^ . . -1/ 3M \or 0^= sin (g— 5;)
For comparisons with other quoted material properties it is useful to 
retain the equivalently defined values wherever possible. Accordingly 
by simple algebraic manipulation, the above relationship may be 
rewritten in cylindrical stresses p ’ and q as
M 6<,Ult '
3p ‘ - qmax ult
noting that 0 * remains the same value as previously determined from o
Q -r -u/p 1 •ult max
For determination of the physical constants 0 ’ and c 1 for any 
required triaxial stress state defined by and o£f a comprehensive 
relationship of the same form as that of Hoek and Brown (1980) is 
suggested to specifically describe the soft rocks and tills. The 
suggested failure criterion in terms of the principal stress components 
expressed directly in effective stresses for any given point along 
the Hvorslev surface is:
= <*3 + v/ M° 3 +<£'
The parameters and in this failure criterion equation can be
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derived from consideration of the geometry of the failure envelope 
to a typical Mohr circle at any point on a shear strength:stress plot 
for a material as shown on Figure 109.
2
Noting that M  - ^ 1  a3  ^ ~ by rearrangement,
, , °3
and that (cr^  - o^) can be expressed as follows:
(o-^  - a') = 2(%i + ol)
cos 0 1
and (cr^  - c^) = (<f^  + cr^ ) sin 0 * + 2c'cos 0 ’
Substituting and rearranging, noting that = crj^ u, where yti.= tan 0 ’
then = (jU + )| 4 f cr, M. + c ' (ol + a3 > 1 -  $
°n I *- 2o^  J 2
From consideration of geometry, sin 0 * can be expressed in two forms:
sin 0 ' = (ql + a3 ) ~ Zan
-
. (<Ti "and sxn 0 * = •
Equating the above, crj can be found in terms of the principal stresses 
as follows:
o*. = ^ ^ 3  + +
°n + o^) + 2c'
Substituting and rearranging terms and noting that
(i) C  - [so1 tan ] 2 = * *  (A +
v n 3
and tan ( 9 0 ^ 0 *  = \  + C  = ^  + c *
<r» - <r' o'1 - cr’n 3 n 3
29W,ai + c '^/L<T3 * GfJ
and (U)y»+ JT = 2yiicrJdJ + o'(ff{ + O p
4 ( r t * C ) j  4 ^ ^ ^  + C )  ,
Then M  =--- — ------ j ( Mcr« + c ') -  s--- >
C 3 I 7 3 (cr. . *.)2 J
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Sfoear Strength
Effech^ rwmai stress
0 *, c' effective friction angle and cohesion for
specific stress conditions shown above
cr|, cr^  principal effective stresses at failure
p ', q principal stress components at failure
FIGURE 109 DEFINITION SKETCH SHOWING STRESS CONDITIONS AT FAILURE 
FOR PARTICULAR TEST IN RELATION TO OVERALL FAILURE 
ENVELOPE.
Substituting back in original failure criterion equation 
ffi = <J3+i ^ <T3 + &  and combining terms, it can be shown that
^1 = ^3 + ^ /4 9‘WTi + c ' )y*cr3 + c ')'
Expanding and solving for cr^  and ignoring negative roots,
°1 = [ 2/ * K  + + °3 ] + 2(fK(T3 + + /^2 )
Substituting this expression for cf£ into the term under the square root
°1 “ °3 +J  4/a2(^ 3(2/a2 + 2f / 1 + J^' + 1) + 4°(2/^ + 2 ^ 1  - 4 ^ ’+ 1 ) ( 2 ^  + c')1
Making the substitution^ = 2 ^ ^ +  ^ /l + yw.2 ) considerably simplifies
the above expression which can then be rewritten as
H  2Noting that this is also in the required form cf j = cf^  + /mcr^o^ + scr^
Then = Y  2(ff3 +
which provided that A»1 gives m = ^ B/2(A-1)
and
.
again provided that A>1 gives the materia)
constant s = < £ b 2/4(A--1)2
, p 2
It is noteworthy that ^  from geometry is 4d tan (45 + ~) while from
above (j£ = c2 (2m ( /A +yi+AA?))2
yW2
yf p1 0'______1-yi ) = tan(45 + ~ ) = v where is Rankine’s flow value,
0 1and ^  = 2tan 0'tan(45 + —  )
or, expressed in terms of N^, 7 =  V 1 -
Alternatively noting that = sec0 1 and again ignoring roots in
quadrants other than 0°-90° , the following relationships can be 
obtained:
^  2sin0 ' , w . . - 1  ^
V  =..... .'T"rry and 0 ' = s m  7— — — rC 1 - s m 0 ' (^  + 2 )
From the empirical failure criterion expressed in terms of the 
principal stress components p' and q, the slope of the curve at any 
intermediate point along the Hvorslev surface can be obtained by 
differentiation.
Thus, as q - r f ^ _  . and 0  = ( 1 <- -in 0')
then all of the required strength parameters for the material for 
any particular stress condition can be determined:
► 2A'C = *............. " ■ derived directly from sin 0 *
(1 + Bp 1) - A
(ii) jix — tan 0 1 again directly from the slope
and from cr£ = expanded to cr* = <?3' + £  ( ~  )
the cohesion intercept at any point can be expressed as ^
(iU) O' = - cr'(l + ? )j ■
The overall governing equations and the tabulated results of curve 
fitting- to the Brenig till data are shown on Figure 110 for both the 
failure envelope to the distinctly fissured till samples illustrated 
on the drawing and for the failure envelope shown on Figure 107 for the 
more uniform, generally tinfissured till samples considered representative 
of the till matrix. The hand calculator computer program used to 
derive the curve fitting constants and determine the shear strength 
parameters is given in Appendix C.
This comprehensive analysis of the shear strength of the Brenig matrix- 
dominated fissured tills has been conducted from the data obtained 
from triaxial testing generally of 100mm diameter samples for .
till materials both in an 'undisturbed' state and in a remoulded 
condition. Some results of tests on larger samples have also been 
analysed.
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FIGURE 110 EMPIRICAL STRENGTH CRITERION APPLIED TO DATA FROM
VERTICAL SAMPLES OF FISSURED TILLS FROM DRUMLIN AREAS 
AT BRENIG (DATA FROM TILL MATRIX TABULATED ONLY).
From the results of this testing, some samples, which were known to 
exhibit unfavourably oriented fissures, were found to exhibit a 
generally lower strength than similar samples which were known to 
be amorphous on the size of the specimen. Other samples for which 
the dominant fissure angle (as discussed below) was not oriented at 
a sufficient angle to the major principal stress plane in the 
triaxial test were found to have failed through the intact sample 
and not along the fissure plane.
For the most simplistic case,for a till sample containing a single
discontinuity, if this discontinuity were to be oriented such that
it formed the failure plane in a triaxial test, it would be oriented
at an angle ,oCt of (45 4- —f) where 0£ is the angle of friction for
that particular discontinuity plane in effective stress terms. The
numerical value of the friction angle so obtained can often be less
than that determined from a visually identical sample of 'unfissured'
till placed in a shear box and subjected to multireversal shearing
to induce a shear plane. This is because frequently natural fissure
surfaces are coated with^washed-in"clay which can often be more
plastic than the.matrix of the surrounding till. It is, therefore, 
imperative that actual fissure conditions within samples be assessed
in order to obtain representative strength data. .
Only limited comprehensive triaxial data is available for till samples 
at Brenig for tills in which the predominant fissure orientations are 
known. In totalrdetailed fissure data is only known for four samples. 
Two of these samples which were taken from the northern end of the 
borrow area from depths of 4.3m to 6m in borehole 301 at dam ch.400+760 
are considered characteristic of a small drumlinized till mass within 
which the dominant fissure dips are in the range 5 to 10° and 40 to 
45° to the horizontal (see Chapter 8). The remaining two samples 
comprise a block sample from an exploratory trench excavated in the 
main drumlin at ch.920+175 and a sample taken from borehole D52 in 
the same drumlinized till mass. Both of these latter samples are 
considered representative of the fissured till of the main drumlin 
within which predominant fissure dips are of the order of 10 to 15° 
and 60 to 70° to the horizontal.
A relationship between fissure and matrix strength for the tills can
be determined from simple analysis of the geometry of characteristic
Mohr circles that might result from hypothetical triaxial tests
carried out at the same effective cell pressure cr^  on two slightly
different till types. As shown on Figure 111, one sample has been
selected from homogeneous 'unfissured' till while the other sample
has been chosen such that a single dominant fissure within the same
type of till has been aligned within the triaxial apparatus such that
the fissure is precisely at (45°+ 0'/2)° to the major principal stress
plane (horizontal). Under these circumstances the two friction
angles and cohesions 0 *, 0' and c ’ and c ' deduced from the test datam i  m i
relate to the material properties for the till matrix and for the 
fissure respectively.
Assuming that this selected fissure is the only fissure in the till and 
that the measured strength is correct for this ’least possible strength* 
fissure in the particular till, testing of till samples in which similar
strength fissures are aligned at any other angle than the critical 
, 0'
(45 + —  ) position will result in higher friction angles and cohesions
being recorded. The range of measured strength parameters will
depend on fissure dip and will vary from a minimum corresponding to
the fissure strength itself (i.e. 0^, c p  to a maximum corresponding
to failure through intact matrix material (i.e. 0 ’, c 1).m m
From the geometrical arrangement of the straight line tangents to 
the Mohr circles shown on Figure 111, noting that the angle of the 
failure plane induced in the triaxial test with respect to the 
horizontal may be determined directly from measurement of the 
inclination of the dashed lines connecting the minor principal stress 
point to the failure point on the Mohr Circle, it is possible to 
readily derive expressions relating the measured friction angle 
(irrespective of any cohesion intercept) to the dip of the failure 
plane in the sample and hence ultimately to the dip of the principal 
controlling fissure.
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FIGURE 111 RELATIONSHIPS BETWEEN FISSURE AND MATRIX SHEAR
STRENGTHS AND BETWEEN DIP ANGLE OF SHEARING PLANE, 
0°, AND DIP OF FISSURE PLANE,oO°.
From Figure 111 it is possible to infer the range of influence of 
fissure strength on measured sample strength. The location of the 
intersection of the tangent to the fissure sample Mohr Circle with the 
matrix sample circle defines the two extreme points bounding the range 
of potential failure surface orientations with respect to the major 
principal plane. These angles are denoted as and on the
inset diagram and on the Mohr circle plots.
From the geometry of the triangles defined by the tangent intersections 
with the Mohr circles shown on Figure 111:-
and
max
06mxn
90 + 0' - 06 .
f m m
. sin 0*
0 ' + sin sin 0 x m
where 0 ' and 0 ! are the friction 
1 m
angles in terms of effective 
stresses for the hypothetical 
till^fissure* and Snatrix’ test 
samples considered.
Within the range delineated by these extreme values, if the discontinuity 
has a shear strength = <r^  tan 0£ + c£, then slip will occur along the 
fissure as long as the major principal effective stress in the test 
situation is not less than:
Og + 2(c^ + tf»tan0p
0*1 ^  m jm _______________________________________ _______________
1 (1 - tan0 'cotc&Jcos(90 - <?6 9
where 06^ is the angle of inclination 
of the fissure surface to the 
major principal plane.
For those combinations of shear strength parameters for which the above 
expression is not valid, slip on the fissure cannot occur and failure 
will thus take place through the intact material matrix independant of 
the presence of • the discontinuity (Jaeger and- Cook, 1976 pp.-- &5-08).
The variation of the measured shear strength with fissure dip orientation
referenced to the major principal plane is shown diagrammatically on 
Figure 112. In the range bounded by the limiting fissure dip angles 
°^in ando6max> the magnitude of the friction angle at failure along 
the fissure is drammatically influenced by the dip of the fissure 
plane, oC.
From analysis of the geometry of any intermediate Mohr Circle that 
occurs between those shown on Figure 111 the_shear strength parameters 
applicable to the fissure surface can be deduced. Thus:
The author has found this approach to be extremely useful in determining 
fissure strength properties if vertical samples from cored or sampled 
boreholes are all that are available. For, provided that careful 
measurement of fissure geometry is carried out prior to triaxial 
testing, or detailed knowledge of the dominant fissure pattern is 
known for the area from which the sample was taken, fissure strengths 
of the major fissure set can be fairly readily deduced. As an aid 
in undertaking such an appraisal a hand calculator program has been 
developed for computing the various fissure and matrix strength 
variations with sample tube angles. The program is given in Appendix C.
The application of this approach to the Brenig tills has allowed an 
assessment of fissure- strengths in effective stress terms for the 
controlling fissures in the areas of drumlinized till. A value of 
0£= 280 j_s suggested from such an analysis of the results of two 
drumlin sites (see Figure 113).
sing)' sin2o6s stan 0^ 1 + sin0*cos2o6s s
and
where 0 1 and 06 are respectively the s s
measured friction angle for the
sample and the dip of the
discontinuity plane occuring
in the sample and q and p 's s
are the principal effective 
stress components determined 
for the sample.
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discontinuity
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Dip Angle oC
INFLUENCE OF DISCONTINUITY DIP ON STRENGTH
- ONE DISCONTINUITY, MINIMUM STRENGTH WHEN 
DIP ANGLE OF FISSURE =(45 + 0/2).
WITH TWO DISCONTINUITIES, DEPENDING ON RELATIVE 
ATTITUDE OF DISCONTINUITIES, SAMPLE STRENGTH 
TENDS MORE AND MORE TOWARDS FISSURE STRENGTH
FIGURE 112 INFLUENCE OF FISSURE ATTITUDES ON MEASURED SAMPLE
STRENGTH FOR SAMPLES WITH QNE AND SEVERAL DISCONTINUITIES.
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FIGURE 113 INFLUENCE OF DOMINANT FISSURE ORIENTATION ON DRAINED 
STRENGTH OF BRENIG FISSURED TILLS.
Unfortunately, in most natural environments the situation is not so 
simple. Instead of one fissure plane intersecting the sample, many 
different fissures criss-cross the sample at a number of orientations 
and dips. As discussed in detail in Chapter 8, such fissuring is 
seldom- random, and accordingly, with judicious sample selection, 
relatively useful and reliable data can be obtained using the- 
described approach.
For the case where more than two sets of fissures occur within a 
till body, the relative orientation of the fissures one to another 
is of paramount importance in defining the strength of an angled-sample. 
In particular, if every fissure is assumed for the sake of convenience 
to have the same shear strength properties,, then for each fissure a 
particular envelope of strength versus fissure orientation angle 
relative to the direction of testing will be obtained of similar form 
to that shown on Figure 111. The strength behaviour for the whole 
sample containing discontinuities can be readily evaluated by super­
position of such curves for each individual hypothetical fissure, as 
shown on Figure 112.. It therefore follows that, as the tested materials 
become progressively more fissured-, the measured strength variations 
diminish and the overall material strength tends to that of the 
fissures. It is intuitively obvious from consideration of Figure 103 
that this effect is of particular concern in selecting representatively 
sized samples for determining the strength of any highly fissured 
^tone-free) material• •
This concept is of far-reaching effect in any determination of 
representative material strengths. As mentioned in Chapter 6, when 
discussing laboratory testing procedures for block samples, numerous 
workers have been striving to obtain larger and larger samples to ensure, 
that representative strength values are obtained for the material 
of interest (e.g.Lo 1970, Rowe 1971, Marsland 1971, McKinlay arid Radwan 
1975). The classic reasoning behind this approach derives from 
consideration of diagrams similar to that at the top of Figure 114, 
which shows the dramatic decrease in the measured undrained strength 
results for fissured, stone-free materials obtained from larger samples 
when compared with the results from similar small samples (assuming 
both types o f  sample are carefully taken and are as 'undisturbed* 
as practical. The author maintains that this decrease is largely
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INFLUENCE OF SAMPLE ~STZE ON APPARENT STRENGTH OF FISSURED MATERIAL 
(After Bishop, 1967).
FIGURE 114 SOME SUGGESTED RELATIONS BETWEEN SAMPLE SIZES AND 
MATERIAL STRENGTHS FOR FISSURED BUT STONE-FREE MATERIALS. •
brought about by the transition from testing pieces of intact material, 
which behave more or less isotropically; through a zone of results 
where samples were tested with one or more discontinuities present, 
and thus exhibited considerable anisotropic strength behaviour, which 
has given rise to the scatter particularly evident in this range as a 
result of variable fissure dips and interrelationships; to testing a 
block of a sufficiently large size that the entire sample again acts 
more or less isotropically as a highly fissured fabric, the measured 
strength of which is akin to the strength of the individual fissures.
The effect that sample size exerts on the measured strength of stone- 
free, fissured materials as determined from undrained tests (see 
Figure 114) also appear in the results of drained and undrained tests 
when examined in effective stress terms. Although the magnitude of 
the disparity between intact strength and fissure strength in terms of 
effective stresses is not as marked as for the undrained case, it 
cannot be ignored. The data that has been compiled by several workers 
suggests that there is a continuous gradation in strength from that of
intact materials to that of the fissured material present in large
scale tests or insitu in the field (where dimensions of the sample 
are large compared with the fissure spacing). The lower diagram on 
Figure 114 illustrates one such relationship suggested by Bishop (1967) 
to compare sample size to the apparent strength of the material.
These relationships have all been developed without consideration of 
the fact that in most natural materials fissuring is not haphazard, 
but is ordered. In this light it is worthwhile extending the
argument presented from Figure 112 that with increased sample size the
strength will tend to the strength of the fissures,simply as a result 
of more fissures influencing the tested block of material.
Consider the three diagrams on Figure 115. The top diagram shows the 
frequency distribution with respect to dip angle of fissures measured 
from the till from the east side of the drumlin at ch.1015-20. The 
stereonet plot to this data is shown on Figure 56. The second diagram 
shows the influence that the dip of these discontinuities can exert on 
the measured drength of an angled sample subjected to triaxial testing. 
For illustration purposes the sample tube has been considered to be 
driven due north at various angles.
F&ct£U&i°^ 0lf77O«?w7?O\l os- InT Til
Cct*_iofs;-2tf) Lite rr€£&*er; r $  s<->
>Ur'>-
V-<J -
~2ar
Id
*- ■—  *• ^  - —  A ­* ITn DC1T n^ n^T
ew w u h i — ;
" "  _ ------" - "------ - - y;; -— ----------1-----~-------- ^  ewm ^ g
fcbo»^T
X£ <« aM ® FUSUX6, yenlldl- 
72..
■sF*
-73-
J5
ttr 2cr J I ITo 4o 50' “To 8a
oetz&jtx- v
“ srico^m)!
t>TP~~gR5WHPil£ 
j Tu&* 1cuA<63
-^-..TJtuC  ,
_ ’ r. Lt* r*-r*f __ ,|WO ftt-rTT
80r
T ~
90-
"T"
8*
i T T
i o
~ T—
5 d
— T“
— 4*-
t — r
■p F
30. ¥
TT "
30---- £&- |j^ St60nv^~--1
60 ■ 3 T
" T
30~ -01-
b ir Mt^vez p»o«gopm_ ^ rc v N fiM M T iis  To Sh*iPL& A x is
N^ v/ tc ^ scsc^rot y*4
~ 3 n w 6 : : flweMO-fitfL <*4; ^ wisas:
<rizr«**nwr ;;^: ^ c rarf1 4*1 
—  Rriw/^r :/ir S7*reu£::
<£)
J—II—L it i.ll|____ f__ ULI I I UJ —_ I._ l l  L( 11 If— T  I I I  Ull| I L.l .LilU|_
it H  * ■ , r - - : -Hfc--  - |0 h y ~ _____
ANV^frptfFexh^t F ifiure/ V ^tic  vL fts  _._____ J
FIGURE 115 RELATIONSHIP OF FISSURE FABRIC IN BRENIG DRUMLINIZED 
[LODGEMENT} TILL TO MEASURED SAMPLE STRENGTH.
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This second diagram has been produced from the data presented on the ' 
stereonet on Figure 56 for the orientations and the dips of the major 
discontinuity sets. The poles to each of the major sets have been 
graphically rotated in order to derive the range of dip angles for the 
fissures that would pertain for non-vertical samples. A scale 
comprising the computed dip angles for the two principal discontinuity 
sets, the bedding and the primary J1 fissures, has been added below 
the diagram corresponding to the various axis angles of the sample 
tube. The curves of strength variation with dip angle for each 
fissure have been plotted based on the theoretical fit to the data shown 
on Figure 113 for the same type of till. For most of the fissures, 
some part of the characteristic 1U* shaped curve is represented.
Such a diagram, plotted from till fissure measurements with assumed or 
• available strengths of matrix and fissures, can be invaluable in planning 
a sampling programme to obtain correctly oriented samples. It is
evident from the diagram that a sample tube inclined at about 33° to
, the horizontal and pushed into the ground in a northwards direction
through an area where conspicuous fissures of the J1 set were evident
would provide an almost optimum sample for determining the strength
of those fissures in triaxial shear. This sample orientation would
0 'ensure that the fissures were aligned at approximately (45 + *  ) to 
the major principal plane in the testing apparatus (see also Figure 29).
The second diagram on Figure 115 also reveals some other interesting 
effects that fissure geometry can exert on measured strength. Firstly, 
if all fissures are considered to exhibit equal strengths and if the 
populations of each fissure set are also considered equal, then for 
most sample tube orientations, if the sample size is sufficiently 
large, one fissure or other will dominate behaviour and fissure strength 
only will be measured. In the illustration shown, only with a sample 
inclined at 60 to 70° to the horizontal will strengths significantly 
in excess of fissure strength be recorded.
Secondly, if, as is the case in reality, certain fissure sets are 
dominant, both in terms of number and extent of fissure surfaces, then 
more strength variation with sample tube orientation is likely. For 
vertically oriented samples taken in this particular till, if a
hypothetical sample is chosen such that it does not contain any 
fissures of sets J1 or J5, provided the sample is coherent, then 
irrespective of the size of the sample or of the number of fissures 
of the other sets present, theoretically the measured strength values 
determined from testing this sample will approximabe to the matrix ' 
strength.
Obviously, the number of fissures of each particular set present in 
any individual sample will vary in accordance with the frequency 
distribution shown in the top diagram of Figure 115. It is likely 
that in small samples,fissures only of the dominant sets will be 
evident, while in the larger samples the probability is greater that 
fissures of all sets will be represented. Thus the characteristic 
curves of Lo (1970) and others,such as are shown on Figure 114,can 
really be considered as two broad bands labelled A and B separated by 
a transition zone as shown on the lower diagram of Figure 115. In 
this transition zone individual sample strengths are considered by 
the author to be principally governed by three factors corresponding 
to the three diagrams on Figure 115. These factors, all of which: are 
interrelated, are:­
—  fissure population i.e. what fissures are likely to be 
present ? .
—  fissure geometry i.e. are the fissures present critically 
oriented or at some intermediate angle? 
and —  sample size i.e. are all the fissures of the fissure
population present in the sample selected, is the sample 
big enough to be representative for determining the influence 
of weakly developed fissure sets?
Each of these three major factors plays a significant part in arriving 
at realistic strength parameters for design purposes. In the author's 
opinion, recourse to testing enormous samples in matrix-dominated tills 
is unnecessary and unwarranted for determining such material strength 
parameters. With careful sampling to minimise disturbance and with 
controlled specimen preparation to select samples containing required 
discontinuities at known angles to the principal stress plane of the 
testing apparatus, it is possible at much reduced cost in the relatively 
stone-free fissured materials to- obtain a statistically meaningful
range of much smaller, geotechnically representative samples which 
can be tested in routinely available shear boxes or triaxial cells.
The range of such tests will give.a better grasp of the controlling 
discontinuity influences governing insitu material strength than can 
be obtained from one, or even a few, expensive, large diameter sample 
tests. In this context, the author therefore advocates detailed 
geological appraisal of all samples to optimize testing effectiveness 
and to ensure the highest representativeness and reliability of 
the results obtained.
At Brenig, some tills are nearly devoid of fissures whilst for others 
up to five specific fissure sets can be recognized. In all cases 
from a discontinuity viewpoint, representative sample sizes can be 
selected on the basis of the geometry of identified fissure dips 
and orientations.. .
Unfortunately, all of the strength data obtained from the early, 
'traditional1 site investigations for the tills at Brenig resulted 
from both routine and sophisticated testing of matrix-dominated till 
samples routinely collected from cored or percussion bored exploratory 
holes. The holes were logged in traditional soils terms and no effort 
was made to examine samples for their geological fabric prior to 
testing. However, all is not lost in interpreting this data in 
geological terms, as, from the results of' the detailed drilling 
carried out under the supervision of the author, the different*till 
materials sampled from the early investigations can be locally 
identified where adjacent to recent boreholes, such that some grouping 
of the early test work is feasible. On this basis, the results of 
all the comprehensive triaxial tests undertaken on the matrix- 
dominated till samples, obtained either directly from boreholes 
within the drumlins or from holes put down in the drumlin margins 
from all the various stages of investigati^ and for which the core 
has been described as fissured, have been-grouped together to compile 
the envelope shown on Figure 110. Comprehensive triaxial strength 
tests on similar matrix-dominated to slightly clast-dominated till 
samples obtained from the saddle area of the dam site from holes where 
significant macrofissility was not ubiquitous have been grouped 
together to compile the failure envelope shown on Figure 107.
Analysis of the fissure orientation data presented in Chapter 8 in
terms of the approach shown on Figures 111 through 115 suggests that
for triaxial tests carried out on vertical samples from most of the
site, no measurable influence is felt on the drained strength of the
samples due to the dominant low angle macrofissility so common in the
lodgement tills. This is because the dip of the fissures is outside
the critical range defined by 06 . and 06 (see the equations at themxn max
top of Figure 113). Furthermore, the near vertical fissure sets also are
outside this range. Thus the major discontinuity controls on the measured
shear strengths of all the vertical borehole samples at Brenig are 
o
the 40 to 70 primary shear fissures. It is noteworthy that such 
fissures are generally only present in the lodgement- tills of the 
drumlin areas or the deep lodgement till blanket (see Chapters 8 & 10). 
Thus, on the basis of the test results from numerous samples from the 
drumlin areas at Brenig an immediate assessment of the strength of 
the fissures in the tills and of the till matrix can be made from the 
data presented on Figure 110 using the governing equations defining 
the shear strength parameters for the controlling fissures. Using 
only the linear' portion of the Hvorslev surface shown on Figure 110, 
which covers most of the normal range of applied stresses imposed by 
engineering structures, the results for the majority of the fissured,
matrix-dominated tills at Brenig show effective friction angles of
o 230 to 34 and respective effective cohesions.of 24 and 0.5 kN/m .
Taking the range of strengths in effective stress terms from Figure
107 to be representative of the till matrix, matrix effective
' o
friction angles for the same stress range vary between 39 and 41
with virtually zero effective cohesion values. From this data, again
for the same stress range, fissure strengths for the typical 40 to 70°
dipping primary shear fissures can be computed to range between
0* = 2 6  and 32°,. with c 1 values of 30 and zero kN/m2 respectively.
In addition to the effective stress data discussed above, several 
undrained tests without pore pressure measurements were undertaken 
during the course of the site investigations for the Brenig dam. The 
data from these tests has been summarized on Figure 11S with relation 
to both the natural moisture content recorded for the tested samples 
as well as as a ratio with the major principal total stress plotted 
against plasticity index in the way suggested by Skempton (1957). Also
361.
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FIGURE 116 VARIATION OF UNDRAINED SHEAR STRENGTH FOR BRENIG 
TILLS WITH RESPECT TO MOISTURE CONTENT AND 
PLASTICITY INDEX. -
indicated on this figure are the general strength zones inferred 
for the matrix-dominated till groupings defined on the basis of grain 
size distributions.
Examination of the crend of this data shows the marked divergence of
the Brenig till results from the empirical equations for normally 
consolidated clays. This illustrates graphically the danger of applying 
standardized correlative equations from index properties to deduce shear 
strength values for design in glacial deposits. From Figure 116, the 
following empirical relationships are suggested based on least squares . 
fitting of the presented datai-
It is noteworthy that most of the data has been obtained from the tills 
of types F and G, the matrix-dominated tills. This simply results from 
the influence that clast content has on being able to successfully 
obtain samples of sufficient quality for triaxial testing. It also 
represents data from those triaxial tests that have not been prematurely 
halted by punctured cell membranes and the like.
In all of the previous discussion on sample representativeness from 
a fissure viewpoint, consideration was addressed principally to the 
matrix-dominated tills, where generally clast sizes and proportions 
do not significantly affect material strength as gravel clast 
percentages are less than 35% (see Figure 89).
Where a significant number of gravel sized or larger clasts are present 
in the till, selection of a representative sample size to realistically 
test the unfissured till material will be fraught with difficulties.
This is because, by definition, the sample must be large enough that 
any interaction of the gravel clasts with the matrix is representative 
while at the same time such a sample should not be cross-cut by any 
unfavourably oriented fissures.
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This apparent conundrum can most effectively be resolved again by
careful geological inspection of the material comprising the sample.
If the orientation of the sample with respect to both the clast fabric
and the fissure fabric can be carefully adjusted to avoid the alignment
of either of these dominant fabric elements within the range delineated
by 06 to 06 . (see Figure 113), the strength of the material max m m  *
uninfluenced by these factors can be reliably determined provided that 
the sample is large enough to overcome the effects of stone size.
Experience from many sources (McKinley et al 1974 and 1975) shows that tests
on material containing stones 15-20mm in diameter should be undertaken
on specimens at least 150mm diameter. Furthermore, as in many till
sampling situations, a 10-15mm stone size is frequently the largest
clast size present in a particular sample, most routine 100mm diameter
samples have been considered acceptable for triaxial testing. On the
1 >
basis of the§e two empirical rules of thumb and in the light of the 
author's experience at Brenig, it appears that a rough guideline may 
be established that minimum sample diameters should be at least 
ten times the diameter of the most commonly occuring clast size in 
the till. • •
This latter value, which is in fact the 'mode' of the coarse sized 
segment of the till grading curve, can be readily determined as 
discussed earlier in this chapter (see also Figure 87). For the range 
of tills at Brenig, other than for the really gravelly, clast-dominated 
types J and K, the coarse fraction modes vary between 4 and 10mm, 
indicating that 100mm diameter samples are adequate in most situations.
For till types J and K, however, the coarse fraction modes range 
between 25 and 40mm. For these tills truly representative sample 
diameters should not be less than 250 and-400mm respectively.
Provided that adequately sized, glaciologically representative, 
optimally oriented samples are taken and careful testing procedures 
are used, the results obtained from shear strength testing can be 
maximized.
Up until now, consideration has been restricted to interpretation 
of the results of peak strengths determined from tests on 'undisturbed' 
samples. As mentioned during the derivation of the empirical failure
criterion earlier in this chapter, the stress-strain curves for many 
tills in the stress range of general interest show low values of the 
brittleness index defined by Bishop (1967 and 1973) as:
“C — ~c
t - peak residual 0/
B ~ T  /o
is peak
At low confining pressures, brittleness indices in the tills are 
somewhat higher but seldom in excess of 10%. Thus, unlike many soils 
of high plasticity, the non-brittle tills exhibit peak and residual 
friction angles that are almost identical. From the limited data 
available at Brenig and elsewhere where tills- have been tested 
specifically to determine residual strengths, either in the ring 
shear apparatus or utilizing multi-reversal shear box tests, a 
tentative relationship can be plotted with respect to plasticity 
index as shown on Figure 117. Also shown on the same graph is the 
relationship- suggested by Ingold (1975) for- pure kaolin. .It is 
noteworthy that the results for the Brenig tills which have a 
significant kaolinite content deviate from the kaolin curve only- 
at low plasticity indices. This possibly is due to a slightly different 
mineralogy in the till matrix of the less plastic tills. Comparison 
of thd residual strength values with the peak value trend shown on 
Figure 117 reflects the fact that for most tills of low plasticity 
residual strengths are of the same order as peak strengths.
More significant differences, however, are apparent between peak 
strengths of undisturbed samples and the strengths of remoulded 
samples. Strength tests have been conducted on matrix-dominated 
.tills,possibly of waterlain origin,from the saddle area over a depth 
range from near surface samples to samples from 20m, in the foundation. 
The tills tested tend to be devoid of macrofissility or only tend to 
exhibit weakly developed fissuring other than occasional near­
vertical dessication features. The results of the tests indicate 
that in general the strengths of the undisturbed samples are higher 
than those of the remoulded samples. Strength decreases ranging from 
5 to 20% have been recorded from the Brenig saddle area tills 
following remoulding at the same moisture content. These results 
are considered by the author to reflect the influence that imbrication 
and clast fabric can exert on the behaviour of the materials.
ff
tc
r
FIGURE 117 EFFECTIVE PEAK AND RESIDUAL STRENGTH VARIATION 
WITH PLASTICITY INDEX FOR VARIOUS TILLS,
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Vaughan and Walbancka. (1975) allude to the possibility that sample 
disturbance of small, supposedly 'undisturbed' samples, rather than 
absence of structure and bonding in the undisturbed material, may 
have led to the published inferences, based on data from Selset 
Reservoir, that peak drained strength of small 'undisturbed' samples 
of till are the same as the drained strength of the same specimens 
remoulded at the same moisture content. This points, yet again, to 
the necessity of obtaining really undisturbed, glaciologically 
representative samples for determination of design parameters. Any 
significant sample disturbance in these essentially unfissured 
materials would tend to destroy the till fabric which has given rise 
to the greater inherent strength of the undisturbed material.
Almost the exact opposite behaviour is observed from testing the
heavily fissured tills at Brenig. For such materials, remoulded
strengths can be up to 25% in excess of the strength of undisturbed
samples. The presence of fissuring within the tills provides almost
the only viable reason for this strength difference. Based on the
preferential orientation of fissures' within the tills, as discussed
previously, it is considered that the tests on 'undisturbed* vertical
o
samples probably induced shearing along the 40-70 fissures of the 
primary J1 shear fissure suite. As the remoulded samples would, by 
virtue of the remoulding process, have lost any inherent fissuring, 
the measured strengths generally tend towards matrix strengths. 
However, as the clast fabric would also have been destroyed by the 
remoulding, these measured strengths- are generally less' than those of 
the matrix of the same undisturbed till insitu.
The characteristics of the various tills at the site can thus be 
readily assessed by virtue of this comparison between undisturbed 
and remoulded strengths. The data from strength tests carried out 
on the tills forming the foundations for the dam have been compiled 
on Figure 118 in the form of a plot of the variation with depth of 
peak and remoulded effective friction angles.
Most of the data on the Brenig tills presented on Figure 118 are 
derived either from triaxial testing of 100mm diameter *undisturbed * 
samples or from triaxial testing of 100mm diameter recompacted till.
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FIGURE 118 DEPTH VARIATION OF PEAK AND REMOULDED EFFECTIVE 
FRICTION ANGLES FOR FISSURED AND ESSENTIALLY 
NON-FISSURED CMELT-OUT/WATERLAIN) TILLS.
A limited number of 60x60mm shear box tests have also been carried out 
on remoulded till matrix with clasts in excess of 20mm being removed 
prior to remoulding. The reason that so many tests on tills have been 
carried out on remoulded samples, and the Brenig tills are no exception, 
simply is a function of the difficulty of obtaining and testing 
in commercially available apparatus, truly undisturbed samples in 
material with such a high stone content.
In the context of making comparisons between undisturbed and remoulded 
strengths, the stress-strain characteristics of the tills are worthy 
of note with respect to determining actual strength values. As 
discussed previously and based on data for the Brenig tills, it has 
been noted that often no specific, distinct peak occurs in the 
measured deviatoric stress plot at the onset of failure of the 
sample. Because of this strain-hardening, ductile behaviour, for 
most tills a definition for the onset of failure is necessary. A 
most appropriate definition is the strength at which the maximum 
effective stress ratio is achieved, as this generally exhibits a 
characteristic peak when plotted on a stress-strain curve (see 
Figure 119). The strength variation with depth plot shown on 
Figure 118 was computed using this criteria. As shown on the 
figure, most of the data is for tests on different samples, either 
undisturbed or remoulded. However, some direct comparative undrained 
and drained triaxial tests were carried out on the same material, 
initially undisturbed and subsequently remoulded.
The typical result obtained from an undrained test on undisturbed 
till, shown in the upper diagram on Figure 119, was conducted
with the till sample set in the triaxial cell at a constant2cell pressure of 690kN/m . After the pore pressure had equalized 
throughout the sample it was sheared undrained at a rate of strain 
(0.1 to 0.2% per hour) low enough for the pore pressure to remain .
equalized in the sample during the course of testing. Failure, defined 
as the point of maximum- effective stress ratio,in this test as in most 
of the tests on similar tills,was found to occur at between 1 and 7% 
strain (see Figure 119). Failure was marked by dilation of the sample, 
which continued to dilate after failure. Maximum deviator stress was 
reached in this test at about 25% strain. In most cases it was reached 
before 15% strain.
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FIGURE 119 RESULTS FROM TYPICAL UNDRAINED AND DRAINED TRIAXIAL 
TESTS ON UNDISTURBED (FISSURED) TILL AND ON 
REMOULDED TILL.
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On completion of the test in the undisturbed state, the sample was often 
recompacted to the same density at the same moisture content as existed 
prior to the undisturbed test and then retested. Invariably where 
the 'undisturbed' material was fissured the results from testing the 
remoulded samples exhibited higher strengths. Failure was in both 
cases defined as occuring at the maximum effective stress ratio.
This definition has the advantage that the strains at failure in 
undrained shear determined by this criterion are similar to those that 
occur in drained triaxial tests (where the maximum deviator stress 
and maximum effective stress ratio occur at the same strain). The 
variation of those two parameters for a typical drained test on till 
in a remoulded state is shown on the lower diagram on Figure 119.
As well as being used to obtain data on strength behaviour, the triaxial 
apparatus has been utilized to compliment oedometer and Rowe Cell tests 
to determine consolidation and permeability characteristics of the 
Brenig materials. The data from one such multi-stage triaxial 
consolidation test on fissured till is shown on Figure 120.
The upper two graphs illustrate the two standard methods of data 
reduction. The root time plot on the left (after Taylor, 1948) 
has been annotated to illustrate the primary and secondary consolidation 
behaviour recorded from this sample. The part of the curve 
corresponding to the primary consolidation stage comprises an initial 
non-linear section of the curve, during which any air in the sample 
is expelled. This is followed by the linear section of the graph 
which is considered to represent the stage when water is being 
expelled from the voids until the material reaches a state of 
equilibrium. This constitutes the greater part of settlement under 
an applied load. The curved section of the graph reflects a period 
of slower secondary consolidation. The reasons for this behaviour 
are not well understood but are considered to be connected with 
changes in the adsorbed moisture films surrounding individual soil 
particles.
The graphical construction to determine the time for 90% consolidation 
suggested by Taylor is shown on the root time diagram. The dashed 
line has been plotted at 87% of the slope for the linear portion of 
the measured data to a point where the curved section of the plot is 
intersected. The time corresponding to this point is considered to
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FIGURE 120 TYPICAL SET OF RESULTS FROM MULTI-STAGE TRIAXIAL 
CONSOLIDATION TEST ON TILL.
represent the time for 90% consolidation. The Casagrande construction, 
using the log time plot is also given on the figure. From these two 
graphs,which pertain to one of the plotted points on the e-log p plot, 
the corresponding coefficients of volume compressibility, m^, and of 
consolidation, c^, have been determined and an estimate made of the 
permeability. These values are given on the margin of the diagram. 
Furthermore the computed value of m^ can be directly related to the 
oedometric modulus for constant sample cross-section area during 
testing
E Acroed Ah/h
_ m Av/vand m — ,v Ap
1
thus Eoe(j = —  for any specific stress range,
v
Moduli values so obtained have been found to underestimate the insitu 
field values, so much so that it is always necessary to increase the 
laboratory value to compensate for the two error sources known to effect 
the test result, namely disturbance of the soil structure during sampling,
extrusion and transfer into the testing apparatus;and bedding-in
due to lack of precision of the fit of the sample in the apparatus.
Wilun and Starzewski (1972) suggest a series of correction coefficients
2
dimensioned in MN/m to be used to compensate for such errors in 
various laboratory determined moduli values. From their data the 
following expression has been derived for determining corrected 
moduli values direct from laboratory determined m^ results:
,0.076
„ 0.926 m 2E , =   e v MN/moed mv
2
where m is in m /MN. v
The computed modulus result for the till sample data presented on 
Figure 120 is included in the margin of the diagram alongside the 
other computed results.
The modulus corrections suggested by the above relationship are of the 
same order as those found for dense lodgement till by Radhakrishna 
and Klym (1974), who indicate that field initial modulus values were 
approximately twice those determined from laboratory consolidation
tests, but that laboratory reloading modulus values gave better 
estimates of field values.
Despite these disempancies, data from consolidation tests can be of 
great value in assessing the glacial overstress which may have occured 
in the geological past. Indeed, the void ratio - log pressure curve 
shown on Figure 120 has been constructed specifically for this purpose, 
the initial section being based solely on the results of multi-stage 
consolidation testing.
Comparison of the slope of the graph through the data points (defined
as the compression index, Cc) with the slope of the curve that would
be inferred from Skempton’s classic relationship of C = 0.009(LL-10)o
suggests that the data points define only the low stress range
section of the full e - log p curve and that the value of p , the
c
pre-consolidation pressure, far exceeds that reachable in normal
laboratory apparatus. Therefore, assuming that the graph slope •
will ultimately be asymptotic to the compression index value suggested
by the liquid limit relationship,. two feasible curves have been
sketched onto the plot to describe the most likely shape of the full
curve had enough data been available in the high pressure range.
Using the Casagrande construction (Terzaghi and Peck p77), two
possible values of the pre-consolidation pressure Fc have been
determined. Very similar values are obtained for this plot using
the Schmertmann construction (Terzaghi and Peck p78). Ignoring
the 5 metres of till overlying the sample site, these estimated
2
pre-consolidation pressures of 2500 to 4500 kN/m correspond to
a non-bouyant (i.e. minimum) ice thickness of 230 to 420 metres.
o 3using an ice density at 0 C of 0.917 T/m . These thicknesses correspond 
well with estimates made in Chapter 8 from clast fabric data alone.
The values are of the correct order of magnitude for ice filling, but 
not overtopping the Brenig valley. From consideration of the relative 
elavations of the- hills adjacent to the Brenig dam site with respect 
to this particular sample and noting that all the hills have been 
glacially smoothed and that only the highest peaks of central 
Snowdonia remained exposed through the ice sheet in its latter 
stages, maximum ice thicknesses overriding this sample site could
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have easily reached 500 metres. It is thus feasible that the 
effective overpressure deduced from such consolidation data may 
reflect not only a significant ice loading but also an equally 
significant uplift pore pressure acting beneath the ice sufficient 
to explain the reduction in effective overpressure.
From similar tests and tests in conventional oedometers, data on the 
consolidation and permeability characteristics of the Brenig tills 
has also been obtained. In addition, some field-permeability testing 
of the tills has been undertaken in specific boreholes and throughout 
the tube-a-raanchette grouting operations. However, because of the 
presence of sand and gravel seams within the materials, the results 
from almost all of the field testa are deemed- to have been influenced 
to some degree by the more permeable horizons in the test sections.
In fact, in some cases the influence is sufficiently great that the 
results obtained do not reflect till permeability.
On the basis of laboratory determined values, the consolidation and 
permeability characteristics of the Brenig tills vary markedly from 
those' determined from very freshly deposited surficial Icelandic 
materials. However, the Brenig results show very close parallels 
to the values determined from dessicated or even 20 to 30 year old 
tills exposed some distance from the glacier snout.
2
Coefficient of consolidation (c^) values ranging between 0.4 - 15m /yr 
are typical for the matrix-dominated tills at Brenig (see Figure 121). 
In general the results from the fissured tills exhibit higher 
values than the results from the more homogeneous melt out tills.
This is considered to be due in part to the lower void ratios and 
inherent stiffnesses of the fissured lodgement tills and partly to 
the higher permeability of these tills as a result of the disconti­
nuities traversing the material fabric. The divergence of the 
best fit lines to the data from undisturbed and remoulded tills at 
low confining pressures shown on Figure 121 (a) illustrates the 
control that such discontinuities tend to exert on the consolidation 
characteristics of the tills as a function of their influence on 
drainage of the material. It is noteworthy that this effect, which 
in many situations may be considered an advantage, from the point 
of view of settlement, is not so marked at high confining pressures.
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FIGURE 121(a). VARIATION OF COEFFICIENT OF CONSOLIDATION
WITH EFFECTIVE CONSOLIDATION PRESSURE FOR 
UNDISTURBED AND REMOULDED TILL SAMPLES.
FIGURE 121(b) RELATIONSHIP OF COEFFICIENT OF CONSOLIDATION
WITH LIQUID LIMIT FOR BRENIG TILLS.
\o q  5 o o  looo
EFF&crwe f^ e s s u it e , kw/^ i
376.
m7
> 0.2 ■
€
7\
4
CO
0.1
0.09
cT 0.02
3-01 -
Ml o.o -
r3 0.o9
i> 0014.
t 0 03 -
ti
J
£lb* 0-020
Vj
o*«t
10-?
?  i<f' 
■>
a\
0
3 . -3  
a  10
%
-10
10
0*1 0-2. 0-3 0-q. OS’
\/oi& rtATio, *.<,
kl4*
-os
m:
t?s nr
ihirW-ti.
Hals
l»ir?<n.CiZ:LlL32'
£b L__tU i
0*1 0 *2. 0-3 0-if O-S"
Voifc RAtT to t A s
0-fe
FIGURE 122 CONSOLIDATION AND PERMEABILITY CHARACTERISTICS
OF BRENIG TILLS EXPRESSED IN TERMS OF VOID RATIO.
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Furthermore, the data from the remoulded tills and from the naturally 
disturbed flow tills, as well as data from the more cohesive matrix- 
dominated melt-out tills, exhibit little change in consolidation 
characteristics with changing effective consolidation pressure. It 
is considered thatthis is largely a function of the uniformity of 
void ratio and matrix composition of the tills once remoulded (see 
Figure 122).
Data on the coefficient of volume compressibility, mv , for recent 
tills are not readily available in the literature. However, values 
directly calculated from the e —  log p curves presented by Boulton
p
and Paul (1976) indicate that ra values are of the order of 0.06m /MN
v 2 
for fresh flow and meltout tills, and of the order of 0.13 m /MN for
the dessicated crust of a flow till. This range accords well with
that evident from the results of tests on remoulded Brenig tills
(see Figure 122), the few results from undisturbed materials that
fall in the same range having been sampled directly from the meltout
or flow tills of the saddle area of the dam site*
The data from the undisturbed samples of the heavily overconsolidated 
lodgement tills,which exhibit void ratios in the range 0.2 to 0.35, 
suggests that there is a distinct trend towards decreasing compressi­
bility with decreasing void ratio. The ray values determined from
laboratory consolidation tests on the Brenig tills 'range between 
2
0.02 and 0.1 m /MN. Data from the field modulus tests by Radhakrishna 
and Klyra (1974) on dense till which exhibited similar preconsolidation 
loading to the Brenig tills, suggests that field mv values could be 
at least an order of magnitude less than those determined from lab­
oratory data. This inference, together with field data presented 
subsequently on the permeability of the Brenig tills,suggests that 
coefficients of consolidation values deduced solely from laboratory 
data may significantly underestimate actual field values. Nonetheless, 
the respective trends in the variation of the laboratory determined 
values with other diagnostic parameters,such as void ratios,are 
considered useful in assessing till variability across any particular 
site.
In this respect, in parallel with the trend seen in the mv results 
for the Brenig tills, there is a significant decrease in till 
permeability with decreasing void ratio. Superimposed on this decrease 
are variations due to presence or absence of fissuring and due to 
till type. The tills which tend to be clast-dominated and hence 
gravelly are more permeable than the clay-rich, unfissured, matrix- 
dominated tills. In fact, the trends illustrated on the lower 
diagram of Figure 122 are important in that they indicate that the 
low void ratio, dense, gravelly, clast-dominated tills and the compact, 
sandy clay tills which at Brenig are probably of lodgement or englacial 
meltout origin tend to be more permeable than the high void ratio, 
clay rich, matrix-dominated, waterlaid, meltout or supraglacial 
tills generally found in the saddle area of the site.
All of the consolidation data from the Pleistocene Brenig tills, 
when compared with available data on very fresh new tills and tills 
just twenty years old, indicates that rapid consolidation occurs at 
the time of deposition and that the overall consolidation charact­
eristics of the material then remain essentially constant over long 
periods thereafter, provided that such tills are not remoulded by 
periglacial solifluxion or other disturbances.
The data on the relationship of till permeability with void ratio, 
shown on Figure 122, if considered representative of the size of 
sample tested, cannot therefore be expected to reflect appropriately 
the fracture porosity and permeability of fissured till en masse.
Data from insitu permeability tests can also be misleading, unless 
confined only within the till material of interest. In this situation 
one approach to determining insitu material properties,such as fracture 
porosity and bulk permeability, which the author considers merits 
attention, particularly in fissured tills,is the use of methods 
developed in the rock mechanics field to determine the permeability 
of fractured rock masses. •
Based on evaluation of the hydraulics of flow along parallel plates 
both theoretically and from modelling, many workers have demonstrated
that the permeability of a single set of parallel fractures can be 
expressed as follows (Hoek and Bray pl31):-
3
lr _ a
“ 12s where k is the intrinsic permeability
(cm2 )
a is the aperture of 
discontinuities (cm) 
and s is the spacing between 
discontinuities (cm).
If a non-porous material is considered to be present between the 
fractures then the only voids in the system are the fractures.
Thus, for one set of parallel fractures all equidistant one from 
another, then a/s can be considered the fracture porosity, n.
For a cubic system of like discontinuities, where the spacing between 
fractures is considered identical. Snow (1968) has found that the 
fracture porosity can be expressed as: :
c ,k ,1/3
n = 5.45 ("“g/ where k is again the intrinsic
s 2
permeability (cm )
and s is the spacing between
discontinuities (cm).
For water at 20°C, both of these expressions can be rewritten in
terms of the hydraulic conductivity, K, (cm/sec) and either fracture
porosity, n, or fissure width, a.
For a single set of like,parallel fractures, the porosity and 
permeability in the direction of the fractures are:-
K  1/3 3
n = 0.05 and K = 8070 —. 2 ss
For a cubical systdm of equally spaced,like fractures the porosity 
and bulk permeability are:-
K  1/3 3 
n = 0.119 (— r) and K = 598 where K is the hydraulic
s s. conductivity (cm/sec)
n is fracture porosity
a is fracture aperture (cm
and s is fracture spacing (cm)
Utilizing these expressions combined with the. data on laboratory 
and insitu permeabilities for the various types of till, the latter 
of which are shown on Figure 122, estimates of insitu fracture 
porosity and void ratio can be computed for an idealized set of 
cubically arranged fissures,spaced at various separations,covering 
the range of fracture geometries observed in field exposures of the 
tills at Brenig. The equation for a cubical set of like fractures 
has been graphed on Figure 123 for a set of typical fissure apertures 
and spacings. The permeabil.ity data from the laboratory consolidation 
tests and the range of results from the field permeability tests 
have also been added to the plot. Along the bottom axis of the 
graph are given the fracture porosity, n, and the equivalent fracture
void ratio, e, where e = -■ ■n—  .
1 - n
It will be immediately evident that from the field data, computed 
fracture porosities and void ratios are several orders of magnitude 
smaller than the laboratory values.
The typical range of fracture spacings observed In exposures of the 
tills range from a little less than 1 cm to generally under 1 metre. 
Most fissures are spaced between 10 and 15 cms apart (see Table 7 
in Chapter 8 and histograms on Figure 124). These histograms of 
fissure spacing (after McGown et al, 1975) are based on more compre­
hensive data than is available on the Brenig tills. However, from 
the author*s observations, summarized on Table 7, the same general 
trends are evident.
Aperture widths for fissures in the till at Brenig are also summarized 
on Table 7. In rare cases, in particular in the near surface stress 
relieved zone, fissure apertures exceed 5mra* However, in most cases 
and particularly at any significant depth, the author’s observations 
of fissure apertures, supported by other workers' data, suggest that 
apertures range from'something less than %mm to about 3mm (see Table 7). 
These general values define the area shaded in the central section 
of Figure 123.
The permeability values corresponding with this fissure data are 
supported by the available field data. However, the effective 
fracture porosity and void ratio,suggested by the graphed data, range
381.
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between 0.005 and 0.0001 for the field range of permeability results. 
These porosity and void ratio values are at least three orders of 
magnitude smaller than the 0.2 - 0.5 void ratio range suggested by 
laboratory data.
In the author's opinion this disparity reflects the difference between 
the bulk porosity reflected by the laboratory data and the drainable 
porosity suggested by the fissure fabric data. The drainable porosity 
is a measure of the interconnection of voids within the till mass. In 
this case, the inference is that the fissures within the till control 
the field permeability, the voids within the till matrix, due to 
microfissility and other microfabric effects exhibiting no significant 
effect on overall permeability behaviour. This same significant 
magnitude of difference was noted from Manitoba tills by Grisak (1975). 
For the tills tested by Grisak, based on tritium tracer test data, 
effective insitu porosities of the order of 0.0002 were determined, 
compared with intergranular porosity values from laboratory tests which 
ranged between 0.25 and 0.40 (void ratios 0.33 - 0*67).
The Brenig laboratory data presented on Figure 123 suggests that the 
till matrix being tested contains interconnected voids or fissures 
each of the order of 0.00008 mm aperture and spaced about 0.0002 mm 
apart. Such values are consistent with intergranular effects on the 
scale of individual clay platelets. For instance, kaolinite particles 
are approximately 0.00002 mm thick and between 0.0001 and 0.0005 mm 
wide, while illite particles are about 0.00001 mm thick and about 
0.0005 mm wide (Wilun and Starzewski, 1975). Accordingly,the author 
feels that estimates of 'insitu' permeability in fissured tills based 
on laboratory data can be very misleading.
In an attempt to relate laboratory void ratio data from the Brenig 
tills to insitu till permeability data, the author has matched the 
range of laboratory determined void ratios to the general range of 
fissured properties shown on Figure 123. The scale shown at the top 
of the graph reflects the best fit to match the two sets of data. On
the basis of this comparison, the following tentative relationship 
between laboratory determined void ratio data and effective drainable 
field void ratio values is suggested:-
eField ~ ^eLab
6.5
If this is substituted into the relationship between field permeability 
and the cubical fissure geometry, noting that the field fracture void 
ratio and fracture porosity are identical at small values, then the 
following equation can be derived relating field permeability to 
laboratory determinations
It is considered that permeability values computed using this relation­
ship for the fissured tills will correspond relatively closely with 
field derived data. However, the use of the above relationship may 
tend to somewhat overestimate actual insitu permeabilities when 
applied to high void ratio, meltout or waterlain tills which are 
generally devoid of fissuring.
,3
where s is fissure spacing (cm) 
e is laboratory determinedo
void ratio 
and K is hydraulic conductivity
for water at 20°G (cm/sec)
b) Ice Contact, Fluvioglacial and Glacilacustrine
Deposits
In Chapter 8, distinctions were made between the ice contact and 
disintegration deposits and the fluvioglacial outwash materials, and 
between the fluvioglacial deposits and the glacilacustrine materials. 
Within the range of ice contact and disintegration deposits discussed 
in Chapter 8 some tills occur. Other than these tills, the remainder' 
of the deposits included in the above groups have one characteristic 
in common. They each exhibit some effects of the winnowing action 
of waterlain materials. Accordingly, from an engineering point of 
view, the author has chosen in this chapter to group all of these 
waterlain materials on the basis of grain size variations, as this 
is by far the most significant diagnostic indicator of engineering 
properties.
(i) Grading analyses
Numerous particle size distribution curves have been plotted from 
samples taken from the fluvioglacial and glacilacustrine materials 
at Brenig. From this data, a suite of gradation divisions cap be 
recognized which are considered by the author to be representative 
of different material types. Grading curves for each of the seven 
material types are shown on Figure 125.
The same range of statistical measures may be used to characterize 
each of the grading curves shown on Figure 125 as was used for 
analyzing the till gradings. However, for these materials the 
application of the sedimentological measures is somewhat more 
straightforward as such water deposited materials do not exhibit the
biraodal grading so typical of the tills.
Broad divisions in the Brenig material types can be made on the basis
of the standard deviation and modal values. Standard deviations
for the complete range of fluvioglacial and glacilacustrine materials 
vary from just over- 10 unit- for the near- single sized* openwork- gravelly 
beds that occur within some of the ice contact areas (see Chapters 8-10), 
to values of the order of 2.5 to 30 units for the cohesive laminated
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or varved silty clays. This standard deviation range is so distinctly 
different from that of the. tills* where values range between 5 and 70 
units, that it provides a diagnostic indicator of waterborne winnowing.
As can be seen from the typical grading curves for the Brenig sediments 
shown on Figure 125, the shape of each curve is remarkably similar and 
is characteristically S—shaped. The mode, or most commonly occuring 
grain size, tends to correspond closely with both the mean and the 
50 percentile value.
Modal values for the clay and silt rhythmites are of the order of 
O.OOl to 0.05 nun (see grading curves A, B and M on Figure 125).
For the 'single sized' silt horizons which tend to occur separating 
more clay rich layers in the glacilacustrine materials characterized 
by siltjclay couplets, the mode ranges between 0.06 and 0.09 mm 
(see grading curve C). For sands in similar situations and for sands 
present in the more coarse grained outwash, gradations are typified 
by that shown on grading curve D on Figure 125. The modal grain 
size for such fluvioglacial sands is typically of the order of 
0.30 mm. The coarser grained materials tend to occur either as 
mixed sandy gravels, exemplified by grading N which exhibits median 
and mode grain sizes ranging from 0.8 to 1.2 mm, or as more openwork 
coarse grained deposits, often with strong imbricate bedding, as 
discussed in Chapter 8. Grading curve E on Figure 125 is typical of 
the gradation of such materials with the modal grain size Sir exceeding 
that of even the coarsest of tills.
From the available p.s.d. determinations undertaken from exposures 
of openwork gravels at Brenig such as illustrated on Plate 3 and 
shown on Figure 71 and Table 9, the median and modal grain sizes 
range between 3 and 6rara, although in the exposure at ch.660 + 160 
(see Figure 73) within the more bouldery beds, grading analyses 
suggested that the median size was in excess of 20mm. This is 
considered to be about the coarsest material present in the Brenig 
environment. However, in other areas, be they closer to the iceshed, 
composed of more durable rocks, or adjacent to nunataks which 
extended through the ice cover, even coarser, more single sized 
openwork gravels have been reported (Fookes et al, 1975). Because 
of their extremely high permeability relative to the tills comprising
most of the thickness of the glacial deposits, this complete suite 
of openwork gravels,from materials slightly coarser than the sandy 
material exemplified by grading curve D to the very coarsest deposits, 
are of major engineering concern in foundation design.
Hazen in 1892, on the basis of experimental work on uniform sands 
of various sizes, proposed the relationship;-
where K is hydraulic conductivity 
(cm/sec)
D ^ s  the grain size (mm) at 
10% cumulative weight in 
the material gradation 
smd C is a constant averaging
0.5 for medium to coarse 
- grained well graded soils 
and ranging from 0.6 to 0.8 
for non-uniforraly graded 
sands and from 0.8 to 1.2 
for slightly clayey silty 
sands and sandy silts.
This relationship is simply an expression of Poiseuille’s law that flow 
velocity m. a circular tube increases as the square of the tube 
diameter (Terzaghi and Peck, p50). However, where the constant C can 
be reliably fixed, this relationship has been found to have wide 
applicability in estimating order of magnitude permeability values 
where field data are not available or where limited field data is 
to be extrapolated to other parts of the same site. This latter type 
of need is common in engineering site investigations, not least of 
all those carried out at Brenig, where only limited field permeability 
testing was undertaken but for which grading analyses are plentiful 
covering a wide range of deposits over the entire site.
Accordingly, the D1Q values for the range of typical fluvioglacial 
particle size gradations shown on Figure 125 have been listed on 
Table 15 along with the other significant statistical parameters
K = CD10
which aid in classifying and distinguishing each of the fluvioglacial 
and glacilacustrine sediments.
Examination of the skewness and kurtosis values for the various 
materials presented on Table 15 provides a useful guide to material 
characteristics.
Two skewness values are indicated on the table. The phi skewness, sk^, 
is an excellent indicator of the degree of winnowing and bedding of 
the materials as evidenced by the tail of the sediment grading
distribution. The values of +0.3 to +0.5 for the glacilacustrine 
sands, silts and clays suggest that the central part of the grading 
is coarser and the tails of the distribution finer (i.e. more clay 
rich) than for the 'normally' distributed soils of similar median 
grain size. The data for the gravels tends to indicate the reverse,
i.e. these materials are deficient in fine material in the tail of 
the distribution. This, of course, is the primary reason for their 
high insitu permeability compared with similar median sized gravels 
from other depositional environments.
The quartile skewness, sk , values give an indication of the divergence 
of the central part of the grading curve from normality. Only the 
silt-rich rhythmites and the openwork gravels show any marked 
divergence from the ‘normal' value of zero. The values again suggest 
that the central part of the gravel distributions are somewhat finer 
and the tails somewhat coarser than 'normal' sediments. The data for 
the types B and M rhythmites tends to suggest that these materials 
exhibit a preponderance of silt sized material.
The tendency to high silt concentrations is characteristic of many of 
the Brenig glacial materials. It is attributed by the author to the 
natural tendency of clays to flocculate during deposition in the cold 
pro-glacial lakes, thereby ensuring that the majority of particles are 
comprised of silt sized aggregations of clay sized minerals. If a 
deflocculent, such as sodium hexametaphosphate (see Chapter 6) is 
not used in gradation analysis, such materials show this silt rich 
tendency. If the soil is deflocculated, then the gradation tends to 
exhibit a clay rich, fine-dominant tail to the distribution.
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The kurtosis values reinforce the visual observation of the trend 
towards more single sized sediments the coarser the material. The 
value of 1.7 for the openwork gravel is high and indicates a very 
peaky distribution with a tendency towards a single size material. The 
values of 1.1 to 1.3 for the rhythmites are more usual values for 
waterborne sediments, but again show a tendency towards a single domi­
nant grain size within the distribution. This behaviour is markedly at 
variance with that of the tills which all tend towards well graded 
distributions, so poorly sorted that no single grain size is parti­
cularly dominant. As a result, the kurtosis values for the tills in 
general vary between 0.6 and 0.8, with an increase to 0.9 becoming 
evident in the waterlain paratills of the saddle area.
The distinction between each of the various waterborne sediments so
clearly indicated by the kurtosis values is not evident in the values
of the Trask Sorting Coefficient, S , which vary between 1.5 and 3.2o
for the entire range of sediments. However, like the standard 
deviation, the Sorting Coefficient can be utilized as a diagnostic 
indicator of water winnowing. At Brenig, none of the true tills 
exhibit sorting coefficients of less than about 10 to 15 and the 
majority range between 25 and 35. It is thus most useful to note 
that -these values are an order of magnitude greater than those 
obtained for the water-worked sediments and a factor of 2 to 5 
greater than for the waterlain paratills. values, therefore, can
be readily used to categorize any of the Brenig materials solely 
on the basis of grading analyses.
(ii) Index tests
As for the tills, for all the sediments where at least 20% fine 
fraction less than 0.06mm was present (i.e. enough to pass through 
a No.36, 0.04ram sieve), standard Atterberg. limit tests were conducted 
in addition to moisture content, bulk density and void ratio 
determinations. Core recovery indices and hand penetrometer strength 
determinations were recorded from the cores put down through the 
glacifluvial materials. Also X-ray diffraction and standard optical 
petrographic inspections were carried out on specific selected samples 
of the materials.
392.
The range of plastic limits determined for the fluvioglacial and 
glacilacustrine materials varied from zero (non plastic) to a maximum 
of 36% for some of the clay rhythmites. The range of plastic limits 
for the rhythmites are shown on Figure 126. Liquid limit values 
ranged from about 40% for the silt rhythmites to over 60% for the 
clay rhythmites, as are also shown on Figure 126. For the other 
coarser grained fluvioglacial materials such tests were inappropriate. 
The differences in liquid and plastic limits recorded for the various 
glacilacustrine deposits were found by the author to characterize two 
facets of material variability.
Apart from the more obvious cause for variability in Atterberg limits 
due to changes in grain size characteristics of the materials, a 
distinct variation in limits and in moisture contents was found 
between the. different silt-clay couplet types. Typically the 
'homogeneous' deposits exhibited lower plastic and liquid limits 
and higher natural moisture contents than the 'laminated * or 'varved' 
sequences (see section(c)of Chapter 8 for subdivision of rhythmite 
deposits). The range in moisture contents recorded for the rhythmite 
materials is shown on Figure 127, along with the frequency distribu­
tion for liquidity indices for the same group of materials. The 
tendency for many of the bluish grey, essentially homogeneous rhythmite 
materials to slurry when disturbed is evident from the plot. This 
trend is also evident from examination of the saturation state of 
the deposits. In general, the surficial, somewhat weathered, yellowish 
brown clay and silt rhythmite deposits tend to be slightly under­
saturated, while often the blue grey 'homogeneous' rhythmite units 
show a tendency to supersaturation.
No data is available on the insitu density of the coarse grained 
fluvioglacial deposits. However, laboratonj information is available 
for the fine grained materials (see Figure 128). The variations 
in bulk density and dry density for the cohesive rhythmite deposits 
obviously correspond with changes in the clay content and/or moisture 
content. Superimposed on these trends, which follow closely the 
changes in material gradations, there is an appreciable change in 
both bulk and dry densities with material colouration. This is 
interpreted by the author to possibly correspond with two effects: 
firstly changes in prevailing insitu groundwater conditions, and 
secondly, changes in unit weights of component soil constituents.
FIGURE 126 LIQUID AND PLASTIC LIMIT RANGES FOR COHESIVE 
GLACILACUSTRINE AND FLUVIOGLACIAL MATERIALS.
FIGURE 127 VARIATION OF MOISTURE CONTENT AND LIQUIDITY 
INDEX FOR COHESIVE BRENIG GLACILACUSTRINE 
MATERIALS.
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FIGURE 128 BULK DENSITY, DRY DENSITY AND VOID RATIO 
VARIATIONS FOR VARIOUS COHESIVE GLACI­
LACUSTRINE DEPOSITS FROM BRENIG DAM 
FOUNDATIONS.
Often yellowish coloured rhythmite materials have been derived from
the dessicated, dry, near-surface zone above even the capillary fringe
above the water table. On the other hand, the greenish grey and grey
blue materials are generally derived from well below the water table.
This could exert some influence on the degree of adsorbed water
remaining in the soil skeleton which in turn could affect the
measured densities. In conjunction with this effect, the yellowish
colouring of the materials is interpreted by the author to be the
result of oxidation of iron compounds within the materials. During
the course of such oxidation, the iron rich minerals which typically
3
exhibit unit weights of about 5gm/cm , may transform to limonite
3
compounds which typically have unit weights of about 3.8 to 4 gm/cm . 
Other mineralogical changes* such as alteration of the micas (s.g.of
3 3
about 2.8 to 3.1 gm/cm ) to clay minerals (s.g. 2.4 to 2.6 gm/cm ) 
as a  result of weathering could also bring about a density decrease. 
All of these factors together may explain'the significant density 
variations observed, between different coloured rhythmite materials.
As with the tills, the void ratio is closely related to the natural 
consolidation state of the materials. However, within the rhythmites 
there appears to be a trend to increasing void ratios with increasing 
clay content (see Figure 128). This could partially be explained 
by near surface weathering effects, but is thought primarily to be 
an effect of original deposition,whereby the clay rich sediments 
tended to be laid down under fairly stagnant water conditions,giving 
rise to a looser structure than occurs in the coarser materials which 
were deposited under flowing water conditions in the pro-glacial 
lake area (see discussion in Chapter 8).
It is perhaps interesting to note that these sediments exist today 
at void ratios somewhat lower than those of fresh meltout tills, 
but not dissimilar to those measured by Boulton and Paul (1976) 
for moist flow tills adjacent to modern glaciers. It may be that 
these materials,then^have not been subjected to the degree of 
dessication and rapid consolidation under sub-aerial cold climate 
weathering that has occured with the tills, such that the void ratio 
values seen today in the rhythmites essentially result only from 
normal consolidation of the material following deposition. In some
cases though it is possible that such void ratios may have been 
affected by subsequent ice loading which has imparted a degree of 
overconsolidation to the materials.
Some suggestion of parallelism of clay platelets, suggesting slight 
overconsolidation, was noted from scanning electron microscope 
examination of the rhythmite materials (Derbyshire, 1974). In 
general, however, the materials are considered similar to modern 
normally consolidated lacustrine deposits. In the rhythmite materials 
examined under the SEM, individual fabric elements comprise silt 
sized aggregations of clay sized materials. Individual aggregations 
were noted to reach 25 microns in diameter (see Plate 5).
Comparison of similar samples of grey rhythmites and yellowish brown 
(iron stained and weathered) rhythmite materials selected by the 
author on visual characteristics, indicated that both material types 
have similar grain to grain fabrics but that the yellowish materials 
appear slightly more compact, with evenly distributed voids that are 
somewhat smaller than those evident in the grey material.
The X-ray diffraction traces for typical silty rhythmites sampled 
by the author and analysed by Derbyshire (1974) are shown on Figure 129. 
The mineralogy present is identical to the suite of minerals identified 
in the tills. Again there is no strong carbonate peak,(calcite would 
occur at 29.5° 2© and dolomite at 31° 20, see Figure 129). Thus no 
direct use can be made of the method put forward by Dell (1973) to 
characterize winter and summer layering in such rhythmites by the 
absence and presence respectively of carbonate in the layers.
However, the tendency to acidity in the samples and possibly the 
high relative acidity of the Brenig glacial and post glacial ground­
waters may well have removed the carbonate soon after deposition of 
the materials*
The gradations of the rhythmically bedded glacilacustrine materials, 
which constitute a sizeable percentage of the non-till deposits in 
the Brenig area,peak in the silt range. This is pricipally indicative 
of the size range of the aggregations of clay minerals comprising the 
material but possibly may to some extent be related to the terminal
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PLATE 5 EXAMPLES OF SCANNING ELECTRON 
MICROGRAPHS OF TYPICAL GREY 
AND YELLOW RHYTHMITES.
FIGURE 129 X-RAY DIFFRACTION TRACES FOR BRENIG GLACILACUSTRINE 
MATERIALS: UNTREATED SPECIMENS .
, (After Derbyshire, 1974).
grade size for quartz which also constitutes a significant proportion 
of the mineralogical composition of the material (see Figure 98).
The various methods of field index testing, conducted at Brenig, 
that were described in detail earlier in discussion of till properties, 
were also used on the fluvioglacial and glacilacustrine deposits.
The marked strength differential existing between the soft to firm 
glacilacustrine clays and the dense imbricate gravels were mirrored 
by appreciable variations both in standard penetration values and 
in core recovery percentages (see Table 5). Typically N values 
ranging between 3 and 10 per 300mm were found in the rhythmically 
bedded silty clays while values in excess of 50 were common in the 
gravels and even in some of the sands. Core recoveries were high in 
the cohesive materials (generally in excess of 80%) and dismal in 
the gravels and sandy gravels, irrespective of flush type.
The results of hand penetrometer tests on the cohesive glacilacu­
strine materials undertaken by the author during logging of the cores 
recovered from the site investigation boreholes are presented on 
Figure 130. Some limited data was also obtained from tests on the 
silty or silty sand matrix of rhythmically bedded sand/silt/gravel 
sequences. The reliability of the numbers so obtained depends 
heavily on the degree of disturbance of the materials during recovery. 
However, the trend of this latter data is of interest, in that it 
essentially corresponds to the upper range of determined strength 
for the matrix of the gravelly tills (see Figure 102),
The results for the glacilacustrine rhythmites indicate quite a
wide spread around a maximum undrained uniaxial compressive strength 
2of 380-400 kN/m . A second, much smaller, concentration is recorded 
2
at about 200 kN/m . Characteristically these latter samples appeared 
to comprise the blue grey homogeneous materials, their softness and 
tendency to slurry corresponding with their high moisture content.
In fact, based on field examination of such deposits, the author 
nicknamed the materials blue "butter" clays, a term which accurately 
describes their consistency and field apppearance.
FIGURE 130 STRENGTH VARIATION OF GLACILACUSTRINE SILTS, SILTY 
CLAYS AND CLAYS AND OF SILTY SAND MATRIX OF 
FLUVIOGLACIAL DEPOSITS DETERMINED USING POCKET 
PENETROMETER.
Basic material properties
The results of extensive triaxial and shear box testing of the 
glacilacustrine materials have been assembled by the author using 
the same approach as utilized for grouping the tests on till matrix 
material. Earlier in this chapter a comprehensive description was 
given of the development of a strength criterion that could adequ­
ately describe the curved failure envelopes that commonly occur for 
structured cohesive glacial materials. The overall governing 
equations and tabulated results of curve fitting to the data for the 
glacilacustrine deposits are given on Figure 131, using the same 
form of suggested strength criteria as discussed earlier in the 
chapter.
An insufficiently comprehensive range of data is available for 
defining an equivalent strength envelope for the generally cohesion- 
less fluvioglacial outwash sands and gravels. However, more extensive 
data is available on other material properties and in particular on 
insitu permeabilities. Accordingly, most of the subsequent consider­
ations regarding strength characteristics relate to the finer grained 
suite of deposits for which extensive data is available.
From the twenty-four block samples and nine U100 samples of the 
Brenig silty clay rhythmites, well over 70 individual triaxial or 
shear box tests were conducted. The majority of the tests were 
carried out under different loadings on a series of three 60x60 mm 
shear box specimens, cut, as far as possible, to each test the same 
selected clay-rich laminae identified in a particular block sample.
A few full size specimens were carefully prepared and tested after 
only some minor trimming. The maximum specimen sizes that were tested 
in this manner were 305mm square, cut from 405 and 450mm square 
blocks.
The envelope shown on Figure 131 has been compiled from data from 
some of these shear box tests and from selected triaxial tests, 
where the plane of the laminations of the samples has been oriented 
to ensure failure along the laminae.
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FIGURE 131 EMPIRICAL STRENGTH CRITERION APPLIED TO DATA FROM 
SHEAR BOX AND TRIAXIAL TESTS ORIENTED TO ENSURE 
FAILURE ALONG LAMINATIONS OF GLACILACUSTRINE 
MATERIALS (Matrix results tabulated only).
EfPechvc: St
In order to evaluate the variation in material strength for various 
attitudes of the laminae to the principal stress plane insitu, a 
series of 38mm 0 triaxial test specimens were cut from selected 
block samples in a similar manner to the 60mm shear box specimens.
The specimens were each cut at different dip angles relative to the . 
natural 9-15° northward dip of the rhythmite laminations present 
in the blocks. From this data, as only one unfavourably oriented 
principal discontinuity set is present in the materials (the bedding), 
one unique curve of shear strength variation with preferred dip of 
the laminations relative to the major principal plane of the testing 
apparatus can be developed, as shown on Figure 132. This figure is 
analogous to that shown on the upper diagram on Figure 112. The 
shear strength variation curve plotted ft'om the available oriented 
triaxial test data can be readily compared with Figure 113, which 
illustrates the results from fissure strength measurements on the 
tills.
More or less the same strength variation occurs in the rhythmites 
as occurs in the fissured tills. In both cases, the strength along 
the predominant discontinuities is about 60% of the matrix strength.
It is considered by the author that this contrast can be related 
directly to the disparity in the material being sheared when samples 
are oriented at various angles.
The range of the matrix strength values obtained from both shear box 
and triaxial tests on remoulded samples and from triaxial samples 
within which the laminae were not critically oriented is shown on 
Figure 132. 0 1 values range from 27 to 36° (assuming o' =0 ) .
Also included on Figure 132 are the results of the specific evaluation 
of the effect of remoulding which was undertaken on two selected 
block samples of rhythmite material. Two 60mm shear box specimens 
were prepared from material from block samples C and H, taken 
immediately alongside 60mm shear box specimens prepared and tested 
undisturbed. A 10-15% strength increase was recorded from the 
remoulded specimens over those specimens tested undisturbed where 
shearing had taken place parallel to the laminae of the material.
This result is of particular engineering consequence, in that any
FIGURE 132 INFLUENCE OF LAMINATION ORIENTATION ON DRAINED
STRENGTH OF BRENIG CLAY AND SILTY CLAY RHYTHMITES.
sample disturbance and partial remoulding of such laminated rhythmite 
materials that might take place during transit or recovery from a 
test pit, exploratory trench or borehole, could give rise to test 
results which err towards a higher non—conservative strength value 
than might prevail insitu. At Brenig, considerable caution was 
excercised during field sampling and transportation because of the 
particular concern that the rhythmite materials, if present at 
unfavourable orientations and locations beneath the dam, could be 
critical to dam stability. Accordingly, all possible precautions 
were taken to ensure that as undisturbed samples as possible were 
obtained, such that when tested the results could be considered 
representative of field strengths.
Detailed optical petrographic examination of the shear zone of 
selected shear box samples from Block F was undertaken (Derbyshire, 
1974), to assess the type of material through which the failure 
had occured. The microscope examination confirmed the author's 
assessment that the failure planes had preferentially developed 
through the finest grain sized material at the vicinity of the 
plane of the shear box. It was found that the principal failure 
plane had occured along a depositional surface between fine and 
very fine grained laminae. In one specimen a secondary shear.domain 
at 60° to the principal failure plane along the laminae was noted.
The discontinuities associated with this set were observed to 
transverse both coarse and fine laminae and break the specimen into 
trapezoidal blocks locally to the principal shear plane. It is 
considered by the author that this set of discontinuities are 
simply tension fractures that have been induced parallel to the 
major principal stress direction during the shearing process.
In an attempt to further quantify the engineering analysis of the 
controlling laminae, attempts were made to carry out liquid and 
plastic limit determinations on the material from the failure plane. 
Generally, insufficient representative material was available on 
the failure plane of the 60x60mm shear boxes or from the failure 
surface in the 38mm 0 triaxial samples, to permit sampling for 
limit determinations. However, sufficient material was obtained from 
the failure surface of Block I,following shear box testing of the 
305mm square block sample,to allow such Atterberg limit determinations
to be undertaken. The values obtained are given in Table 16. It 
will be noted that they are of the order of 20% higher than those 
determined from the material taken from the immediate vicinity of 
the sheared zone, but from the mass of the block sample.
Comparative data for kaolinite and illite (Gibson, 1953) are also 
included on the table as the XRD and SEM data suggest that such 
minerals constitute the major clay constituent in the Brenig tills 
and rhythmites. The Brenig values correlate remarkably well with 
the individual clay mineral data.
Throughout the shear box testing, an attempt was made to ensure 
that at least three of the small shear box tests were conducted on 
the same laminae. The fact that even in these tests failure did not 
always occur in the same selected horizon led to complications in 
the interpretation of the results. Accordingly, based on the 
author's visual assessment of the field exposures, even though it 
often could be assumed that all the three selected specimens in one 
block sample did all test the same horizon, because of the uncertain­
ties inherent in other tests on other block samples, each specimen 
result was considered individually. The effective peak and residual 
strengths from each of these shear box tests have therefore been 
plotted in histogram form as shown on Figure 133, assuming c'=0.
The range of results can be considered to be significantly influenced 
by the mineralogy of the shear surface. The test results which show 
peak strengths of the same order as the triaxial results for matrix 
and remoulded rhythmites shown on Figure 132 can be considered as 
silt-dominated. The test results that err towards low strength can 
similarly be attributed to shearing along particularly clay-rich 
laminae. Some of the variation, however, may be associated with 
weathering effects, as, particularly for peak strengths, noticeable 
variations occur with differences in material colouration.
Because of the marked variability of material strengths associated 
with different laminae in different block samples, direct comparison 
of the data from the shear box testing with that from the triaxial 
tests was not deemed reliable for any tests other than those from 
more or less the same location in the same block sample. The data
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TABLE 16 COMPARISON OF ATTERBERG LIMIT AND MOISTURE CONTENT 
VALUES FROM BRENIG MATERIALS WITH VALUES FOR 
CONSTITUENT CLAY MINERALS.
Liquid
Limit
%
Plastic
Limit
%
Plasticity
Index
%
Moisture
Content
%
Range for silty clay 
rhythmites 38 - 63 1 4 - 3 6 • 2 0 - 3 5 20 - 35
Block I (matrix) 62 31 31 ' 29
Block I (laminae) 73 35 38 31.5
Kao Unite* 63 38 25 46 - 50
Illite* . 73 28 45 37 - 50
* Data from Gibson, 1953.
FIGURE 133 RANGES OF PEAK AND RESIDUAL EFFECTIVE FRICTION
ANGLES FOR BRENIG GLACILACUSTRINE RHYTHMITE
SILTY CLAYS, CLAYS AND SILTS.
Note: Data from shear box tests, 
assuming c ,=:0.
that is available from tests on Block B from ch.839 + 130 in the 
saddle area of the dam site give the best comparison between the two 
testing methods. On Figure 134 the effective stress Mohr circles 
have been plotted for the two types of test and failure envelopes 
have been drawn for the data in the manner shown on Figure 111.
On Figure 134, straight line envelopes have been drawn to the data'. 
This is warranted, based on Figure 131, for an appreciable part 
of the stress range of most concern. The gentle curvature of the 
Hvorslev surface shown on Figure 131 is most marked in the low stress 
range where the tendency to c'=0 values becomes appreciable. Else­
wher e^ distinct cohesion intercept is indicated by the test data.
Accordingly, for the stress range that is of most interest (i.e.
2
approximately 100 to 800 kN/ra corresponding to burial depths between
5 and 40 metres-typically), it is considered that the numerical
value of the effective peak and residual friction angles for the
rhythmite laminae shown on the histograms on Figure 133 (assuming
c' = 0) could err on the high side. Rather than the mean peak -
value of 24*3° (standard deviation 4.1°) suggested from the histogram
for the intermediate stress range, a value of 0* closer to 18°,
2
with an effective cohesion of 15 to 25 kN/m , would seem more
representative of the material insitu,based on the data shown on
Figures 131 and 134. Similarly, the matrix effective friction angles
of the order of 27 to 36° (assuming c' =0 ) ,  shown on Figure 132,
may more appropriately be expressed as 24 to 26° with a corresponding
2
effective cohesion of the order of 40 kN/ra (see Figures 131 and 134).
Most of this strength data that has been plotted for the glaci­
lacustrine silty clays has been obtained from slow drained tests on 
undisturbed material. The typical deformation response obtained 
from such drained triaxial and shear box tests is shown on 
Figure 135. The effects of testing in the plane of and across the 
laminated fabric of the materials is clearly indicated from the 
variation in the stress strain curves shown on the figure. In 
addition to exhibiting a higher effective peak strength, the specimen 
sheared across the plane of the laminations exhibits a brittleness 
index over five times higher than the specimen sheared in the plane 
of the laraihae.
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FIGURE 135 COMPARATIVE RESULTS FOR BRENIG SILTY CLAY
RHYTHMITE MATERIALS TESTED AT VARIOUS ANGLES 
IN DRAINED SHEAR.
From the o^/o^ ratio plots, failure strains between 3 and 5% typify 
the drained behaviour of these and other rhythmite' specimens.
It is noteworthy that the failure strain values are comparable with 
those recorded for the tills (see Figures 135 and 119). However, 
the brittleness indices for the rhythmites are significantly greater 
than noted for any of the tills. This is considered to be a direct 
reflection of the dramatic difference in depositional environment 
and hence of material fabric between the two types of material. From 
the results of some of the tests on pseudo layered waterlain paratills 
from the saddle area, though, where a slight peak can be discerned 
on the stress strain curves, it is evident that such materials lie 
in the half-way ground between the true tills and the laminated 
rhythmites.
Only two undrained tests were undertaken from undisturbed block 
samples of the rhythmites. The results from these shear box tests, 
if plotted in the manner shown on the lower diagram on Figure 116, 
fall parallel with and slightly above the empirical trend line 
suggested for clays of sedimentary origin by Skempton (1957). As 
such the rhythmite trends are noticeably different from the till 
trend lines.
It is instructive to compare the results derived from the various 
testing techniques, as the undrained tests were performed on material 
taken from the same block samples and adjacent to specimens tested 
both in drained shear and in a remoulded state.
The results from the three forms of testing are summarized below:
BLOCK SAMPLE 
And 
LOCATION
COHESION kN/m2 FRICTION ANGLES
Undisturbed Remoulded.
c f r
Undisturbed
RemouldedDrained Undrained
c
CU
^Drained Undrained
0 cu
C
Ch.837 + 15
6 0 2
oCM
oCMCO 29.5°
H
Ch.698 + 140
8 22 15
OOCM 21° 20.5°
TABLE 17: Shear Strength Properties from Drained and Undrained Shear 
Box Tests on Rhythmite Material.
It is of note that the undrained strengths, 0_ . are in excess of both
» y , U
the strengths when remoulded, 0', and when drained, 0'. It isr d
considered by the author that this effect is a result of the tendency 
of the silty rhythmite materials to dilate under deformation, thereby 
producing a decrease in the pore pressure acting within the soil 
skeleton. An example of this effect in producing pore suction is 
exemplified by the field behaviour of the rhythmite materials when 
subjected to a hand dilatency test. If a pat of moist soil is 
selected from typical rhythmites and shaken horizontally in the palm 
of the hand, then the surface of the soil appears distinctly moist..
This moisture can readily be made to recede (i.e. pore suction can 
be generated) by simply pressing the pat with a finger i.e. increasing 
the normal pressure exerted on the sample. This characteristic 
behaviour of the rhythmite materials would tend to suggest that the 
silty and more sandy layers within the laminated sequences are 
naturally at or just above their critical void ratio, ec (Terzaghi, 1955).
With void ratios in excess of the critical void ratio it is expected 
that the silts and sand layers within the rhythmite sequences will 
not show the full frictional strengths normally associated with similar 
grain sized materials. This is to.some extent shown by comparison 
of the strengths of the rhythmite samples sheared across the laminae 
^peak ran^ n® ^rom 27°) as against values of 30 to 35°
reported in. the literature from shear testing of dense silts and 
silty sands. The high relative void ratio also has a bearing on the 
anisotropic permeability characteristics of the rhythmite materials 
in that the horizontal permeability through the coarser grained 
layers is likely to be in excess of that expected for similar grain 
sized materials. This will not,of course,affect the vertical 
permeability of the materials, which will be controlled essentially 
by the more fine grained layers in the sedimentary sequence.
Earlier in this chapter the effects of sample size on measured 
strength values for the tills were reviewed. Comparison of the large 
scale and small scale shear box test results from the silty clay 
rhythmite materials gives additional insight into the controversy 
of sample size effects and further reinforces the author's opinion 
that carefully sampled, correctly oriented, glaciologically 
representative specimens are essential for determining material
strength characteristics.
Comparative 60x60mm and 305x305mm shear box tests were carried out 
on two block samples from two adjacent sites from the upstream toe 
trench area of the dam site in an attempt to determine the effects 
of sample size on measured shear strength values in the rhythmite 
materials. The results from these comparative tests are given below:
BLOCK SAMPLE 
AND 
LOCATION
305x305mm SPECIMENS 60x60mm SPECIMENS
PI% c 'kN/m2 0 * V PI% c 1 kN/ m2 0' V
I
Ch.743 + 136
35 0 21° 30 31 37 23° 32
J
Ch.751 + 136
30 0 19° 22 30 0
o
H(V 17
TABLE 18: Influence of Sample Size on Measured Shear Strength from 
Drained Shear Box Tests on Block Samples of Rhythmite 
Materials.
The strengths determined from the 60x60mm shear box tests are 
marginally higher in both cases than those for the 305x305mm blocks. 
However, as discussed previously, despite great care in attempting 
to ensure that shearing in both sizes of sample would occur along 
the same laminae, there is no certainty that this in fact occured.
The data for the brittleness index, I_%, and the plasticity index,a
PI%, however, suggest that similar material was present in the shear 
zone area of both sample sizes. From this it may be inferred that 
even with correctly oriented small sanqples, somewhat better data can 
be obtained from careful testing of larger samples as these have been 
perhaps less disturbed over a greater percentage of the shear plane 
area during sample preparation than might be the case with the 
smaller 60x60mm samples.
A further complication in comparing the results given in Table 18 
is that the actual shear zone that had developed in the tests on the 
two large block samples did not appear to directly follow the bedding
of the laminae but in fact curved through the sample. The shear plane 
was observed to have occured as a double curved surface, the shape of 
a recumbent,flat,open S. The convex portion of the S was noted to 
form the leading part In the direction of travel of the moving section 
of the shear box. Accordingly, it was not clear whether shearing had 
in fact remained on the single lamina selected. Thus, the strength 
values tabulated may not be directly comparable, as each sample may have 
tested a different layer.
The preceding strength discussion has centred on consideration of 
the clay and silty clay rhythmite materials. Data on the insitu 
strengths of many of the non-cohesive fluvioglacial sands and gravels 
at Brenig is limited to detailed index test data and to insitu field 
determined N values. However,* by correlation, this type of data 
can be used to provide an estimate of representative shear strength 
parameters as shown on Table 19.
For the typical silty sands and sands which occur interbedded in the 
rhythmite suites (see Chapter 8, in particular Figures 72 and 75), 
the sands are generally dense to very dense. N values frequently 
exceed 30 in such materials, even close to the surface. Only where 
occuring as lenses in the till were such materials found in a loose 
state. For fluvioglacial sands containing angular to subrounded 
sand grains with the type of gradation shown on Figure 125, and for 
the very uniform waterborne sands interlayered with the rhythmites; 
again,most of the exposures and the data from SPT tests suggest- that 
the materials insitu were in a medium dense to dense state. Zones 
of loose sand in an undisturbed state were only found by the author 
amid some of the contorted esker gravel deposits in the upstream 
toe trench area of the site.
The areas of silty sand within the tills when initially encountered 
during core trench excavation were also generally dense. However, 
with time and loosening, the materials were found to readily slurry 
as a result of excess pore pressures. Such effects, commonly referred 
to as 'boiling* or 'piping', can occur when the hydraulic gradient 
through the silt or sand body exceeds a critical value, i w h i c h
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is defined (Terzaghi and Peck, p61) ass
. A  = 
w^here the submerged weight of the 
soil, f s . * B -
For the sfl-ty sands exposed in some parts of the core trench at Brenig, 
values of hydraulic gradient based on field observations approached 
unity as compared to i values of the order of 0.8 (based on the data 
from Table 19). In these cases, such silty sand layers had given rise 
to local flow slides which had resulted in small scale slips developing 
in the overlying till (see discussion of such slides in Chapter 12). 
Furthermore, because of this susceptibility for many of the Brenig 
glacilacustrine silts and sandy silts to rapidly slurry and pipe under 
adverse groundwater conditions, it was found necessary to selectively 
work parts of the clay borrow area in order to avoid contamination of 
the till being utilized for dam core material.
Flow slides and zones of loose material, however, were not the norm.
Generally, when confined and not subjected to adverse hydraulic gradients,
all of the fluvioglacial materials insitu were found to be dense
(exhibiting N values in excess of 20). The insitu density state of the
materials, as well as being reflected by the relative dry and bulk
density values, is also indicated by the void ratio, moisture content
and porosity determinations. The influence of the interlocking
nature of the materials and the grading variation as measured both
by the skewness values and by the uniformity coefficient, U = Dc /D
60 10
(Terzaghi and Peck, p22), are also indicated as this has a marked 
effect on the shear strength of the material.
The values given on Table 19 for the fine to medium sands and for some 
of the sandy silts suggest that these materials tend towards equi- 
granularity. Typically, equigranular materials, such as the rock 
flour which comprises the glacilacustrine silts, show a tendency 
towards metastable behaviour, the strength of such silty materials 
undisturbed being controlled markedly by the natural framework of the 
undisturbed material.
The strength contrast to the remoulded state can be expressed for 
cohesive materials by the sensitivity, s . Typically, the sensitivity 
of the Brenig glacilacustrine silts and silty clays is of the order 
of 4, which, provided that liquidity indices remain less than 1, as is 
the case for the materials insitu in the foundations, the rhythmites 
will remain just marginally sensitive. In general, therefore, the 
glacilacustrine silty clays, en masse, can be considered to be slightly 
prone to slurrying particularly in any destressed zones adjacent to 
open cut excavations. * .
However, of more consequence is the fact that some of the materials 
may be subject to liquifaction. On the basis of available Brenig 
data supplemented by published information, it is considered that '
individual silt-rich layers or fine silty sand sequences are the
most susceptible to liquifaction and piping under adverse hydraulic 
conditions. This susceptibility is sufficiently marked that in all 
cases, detailed assessment of the continuity and location of such 
laminated material should be treated as an item of critical 
importance in design.
Although no specific testing was undertaken to establish the degree
to which some of the more silty rhythmite materials tended to a
metastable (extra-sensitive) structure, the shape of the e - log p
curves obtained from consolidation tests on the clayey silt rhythmite
materials serves as a means of identifying the state of the
undisturbed materials insitu. A typical e - log p curve showing the
behaviour of the material comprising block sample 0 is shown in
Figure 136. None of the characteristic concave shape of the
e - log p curve for extrasensitive consolidation behaviour is evident.
Rather," the shape of the curve is of the normal parabolic form
representative of normally or slightly overconsolidated material.
In fact, based on the data presented on Figure 136, as the e po o
point determined for the sample location of block 0 falls to the
left of the straight line portion of the curve extended back to cross
the e horizontal, the material can be considered overconsolidated, o
Using the Casagrande and Schmertmann constructions shown on the 
diagram, the author estimates that the pre-consolidation pressure
loo looo loooo
L03 Cow**ii<l ait** y' t*ym v
FIGURE 136 VOID RATIO - LOG PRESSURE RELATIONSHIP FOR RESULTS
FROM ROWE CELL CONSOLIDATION TEST ON BLOCK SAMPLE 0
(FIRM TO STIFF OLIVE GREENISH GREY VARVED SILTY
CLAY FROM CH. 846+169).
Note: 254mm 0 Rowe Cell, free strain and 
radial drainage, cell 87mm high.
4 2 1 .
- 2 
acting over block 0 was of the order of 800 to 1200 kN/m . Back-
calculation of the non-bouyant ice thickness over the sample site
suggests that ice thicknesses of between 75 and 115 m occured
subsequent to the deposition of the block 0 material.
These values are approximately one third of the non-bouyant ice 
thicknesses estimated for the tills, based either on data presented 
on Figure 120 or on clast fabric analysis as discussed in Chapter 8. 
However, as deposition of these near surface glacilacustrine materials 
took place under water and ice pressures could only have been 
exerted as a fairly late stage event in the glaeiological history of 
the site, it is considered that the surface of the ice remaining at 
the site while a substantial lake existed in the Brenig valley, would 
have been at an elevation somewhat in excess of the invert of the 
overflow channel ( el.370ra.a.s.l.) identified some 2 kms. south 
of the dam site at Cefn-y-gors. From this data it is estimated 
that the approximate elevation of the crest of the ice at the 
centre of the valley in the area of the sample site could have 
reached only about 395 m.a.s.l. This assumption is based on comparison 
of the geometry of the Brenig marginal drainage with that of modern 
Icelandic glaciers such as Heinbergsjokall and Breidamerkurjokull 
(Embleton and King, 1975). For these glaciers, which are of 
approximately the same width as that which existed at Brenig, the 
crest of the ice is often 10 to 25m higher than the contact with 
the valley walls, especially where a wide marginal drainage channel 
is present. .
As the elevation at the sample site for block 0 is 337.6 m.a.s.l., it
is suggested that at a minimum, the ice remaining in the Brenig
valley prior to the drainage of the ice-dammed lake would have been
of the order of 52m thick, compared to the 500m maximum that
it reached at earlier stages in the glaciation of the valley. This 
value of 52m is of the same order as the preconsolidation pressures 
deduced from Figure 136, especially if any degree of subsequent 
dessication has occured of the rhythmite materials since the retreat 
of the glacier.
Based on the consolidation characteristics of the cohesive rhythmite 
materials, it is considered that some of the iron stained (yellowish
brown materials have indeed been influenced significantly by dessi- 
cation as shown on Figure 137. This diagram illustrates the 
relationship between void ratios and the coefficient of volume 
compressibility, m^, for the rhythmite materials. The data has also 
been subdivided on the diagram into the major groupings discussed in 
Chapter 8. The matrix shown on the figure legend illustrates the 
nine possible material types. Only eight have been identified at 
Brenig. No examples were found of homogeneous greenish grey materials.
Data on hydraulic conductivities and on coefficients of consolidation for 
the glacilacustrine silty clay rhythmites as determined from tests done 
in the Rowe Cell apparatus are summarized on Figure 138. As might be 
expected, the coefficient of compressibility values for the laminated 
silt-rich rhythmites are higher than those for the more clay-rich 
varves, No such specific difference appears to exist in the vertical 
permeability characteristics. Rather, desiccation, and with this the 
possibility of the development of a greater number of vertical fissures, 
appears to evert more control on permeability contrast, such that the 
high moisture content, softfblue-grey materials tend always to 
exhibit lower permeabilities at the same void ratio than do the more 
brittle firm to stiff greenish-grey or yellow brown materials.
A limited number of Rowe Cell tests were conducted allowing radial 
drainage in order to measure the horizontal permeability of the 
materials. The results from these tests indicate that both the 
horizontal permeabilities and the horizontal coefficients of consol­
idation are up to ten times the values of the vertical equivalents.
In all cases it was deemed that the results were dominated by the 
presence of discrete high permeability layers within the bedded 
sequence, yet again reinforcing the necessity for careful glaciologically 
representative sampling if testing is to effectively achieve the 
desired aims.
The central concentration of the range of c values measured for the
2 v
Brenig rhythmites of 1.0 to 100 m /yr. shown on Figure 138 is within 
the same range, but generally less than that measured by Kazi and 
Knill (1969) for the laminated beds adjacent to the Cromer till in 
East Anglia. The c, values at Brenig, on the other hand, which rangen
0-5 Q'fc O'? 0 *  0-°)
VoiG ie/VTf o y 4 .0
FIGURE 137
VARIATION OF COEFFICIENT 
OF VOLUME COMPRESSIBILITY 
WITH VOID RATIO, MATERIAL 
FABRIC AND COLOUR AND 
WITH CONSOLIDATION STRESS.
■ $ □ Homogeneousr t V Virveui
• 4> o Lami'rt ih»d
^llow/broun 
L- bUa arey
FIGURE 138 VARIATION OF COEFFICIENT OF CONSOLIDATION, c , AND 
HYDRAULIC CONDUCTIVITY, k , WITH LIQUID LIMIT AND 
VOID RATIO
(For symbol legend see Figure 137).
from 44 to 360 m /yr, are almost an order of magnitude higher than
those recorded for the East Anglia materials. It is suggested by
the author that the variation between the c values recorded at bothv
sites is largely a function of the more extensive degree of fissuring
cross-cutting the East Anglian materials in comparison with the
generally unstructured material tested from beneath the water table
at Brenig. The differences between the c, values are more difficulth
to evaluate. However, it is inferred that the differences arise 
from variations in the morphology of the materials themselves. The 
coarser laminae in the Brenig glacilacustrine materials that dominate 
the consolidation behaviour are comprised of sands and silts that are 
derived from degradation of the native gritstone and sandstone rocks 
of the area. It is anticipated that the Brenig coarse laminae are 
somewhat less compressible and more free draining than the coarse 
laminae present in the East Anglian laminated deposits, as sources 
of similar, equally resistant parent rock types- are somewhat more 
remote from the Cromer area.
A similar comparison of the m^ values deduced from the e - log p 
curves-presented in the paper by Kazi and Knill (1969) with the data 
from tests on the Brenig rhythmites tends to indicate that the 
compressibility of the clay-rich materials from both sites is 
similar when tested under the same stress conditions.
Unfortunately, no direct comparative field data could be found in 
the literature regarding insitu hydraulic conductivities of discrete 
laminated glacilacustrine materials. However, as with the tills, 
the field data from Brenig strongly suggests that hydraulic conduct­
ivities of the rhythmically bedded silts and clays are dominated by 
the occasional thin silty sand partings which occur through the 
materials. In some of the near surface exposures at the site, 
evidence of oxidation could be observed locally to such laminae, 
whereas the rest of a 2m thick laminated or varved silty clay sequence 
was greenish or bluish in colour.
The limited available field permeability testing data from Brenig
that can be directly assigned to tests carried out in fluvioglacial 
or glacilacustrine materials have been tabulated by material type on 
Table 20. Comparative hydraulic conductivities deduced from the 
gradings for the materials as discussed earlier in this chapter have 
also been included. In general, there is good agreement between the 
K values determined by both methods even when the material is fairly 
coarse grained. The field determined values shown for the rhythmites, 
however,are in some cases several orders of magnitude higher than 
those deduced from the Rowe Cell test results (see Figure 138).
Unlike the fissured tills, where the difference between field and 
laboratory values can be directly attributed to the effects of 
drainable fissure porosity, it is considered by the author that in the 
case of the rhythmites, both sets of test results are representative 
and that,in fact,the measured hydraulic conductivity is almost always 
overwhelmingly influenced by the one or two discrete laminae of high 
permeability that occur within the test section. Furthermore, as 
such high permeability horizons tend to be thin layers of fine sands 
and sandy silts within the silty clay sequences,or thin beds of 
coarse sand to fine gravels in the sandy sequences, the identification 
of such zones is critically important when describing the materials 
on a borehole record. Needless to say, most, if not all, of the early 
site investigation logs,from the several phases of investigation 
at Brenig,are typical of most site investigation practice even today, 
in ommitting to describe the detail within a broader lithological 
unit identified on the log.
The author feels that this lack of attention to detail, which unduly 
complicates any geotechnical evaluation of laboratory and insitu 
data, results from two basic causes: primarily, lack of continuous
samples throughout the sequence being examined: and secondly, if 
continuous sampling has been undertaken, a general reluctance, 
usually on financial grounds, of undertaking one borehole solely 
for splitting and descriptive logging of the entire material sampled, 
whilst putting dawn- a second adjacent hole to obtain 'undisturbed' 
samples for laboratory testing. At Brenig, for example, the need
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for extensive subsurface investigation in 1974 and 1975 during 
construction of the dam, and for further detailed investigation in 
1976 (when double and even triple holes were put down adjacent to 
each other to ensure continuous samples throughout the glacial 
materials) could have been significantly mitigated had a more 
thorough earlier glaciological study been made of the site and of 
the samples obtained from the boreholes. More extensive use 
and greater understanding of the laboratory test data could then 
have been undertaken during the investigations conducted prior to 
dam construction with the result that an improved design understanding 
could have been generated.
CHAPTER 12
INFLUENCE OF MATERIAL FABRIC AND STRUCTURE ON THE 
STABILITY OF NATURAL AND CUT SLOPES
With glaciologically controlled sampling, and careful analysis of the 
data obtained from boreholes, trial trenches and other site investiga­
tion techniques, extensive insight can be gained into the character­
istics of the material comprising the site. However, in most cases 
only limited 'point-source* data is available on material properties 
until such time as full scale excavation is undertaken in the 
construction phase of the project. Accordingly, and in particular 
because of the inherent variability and heterogeneity of data that 
can be derived from any one borehole in a complex glacial site, 
the author advocates undertaking detailed morphological study of the 
surrounding countryside, including undertaking back analysis of the 
condition of the exposed hillslopes in the vicinity of the site.
Such study will immeasurably extend the breadth of understanding 
of the glacial materials in the site area without the necessity of 
incurring additional site investigation excavation expenditures.
Within the immediate vicinity of the dam site at Brenig a number of 
natural failures through the glacial deposits were evident, notably 
along the eastern margin of the main, ch.920, drumlin. The two 
failures on this drumlin which are of sufficient magnitude to permit 
back-analysis of material parameters had both been initiated as a 
result of the continued downcutting of the Afon Brenig along the 
rock/till boundary.
As the location of the existing river course is considered by the 
author to follow the alignment of the late stage meltwater overflow
channel, it is conceivable that the larger of the two failures 
initially developed following rapid downcutting of the marginal 
meltwater channel at the time of the draining of the pro-glacial 
lake in the Brenig Valley.
Further south, again generally on north facing slopes or on river 
side flanks of several large drumlins, other failures of similar 
and smaller dimensions than those on the dam centreline are evident. 
Within the reservoir area, to the north of the dam site, several 
small, less spectacular slips were revealed from the detailed aerial 
photo-interpretation undertaken by the author. A number of such 
failures, on detailed field examination, proved to be associated 
with low angle solifluxion-type flow slides. Some, however, 
particularly where tributary streams of the Afon Brenig had undercut 
the toe of some natural slope, exhibited all the characteristic 
appearances of rotational slips.
On Figure 139 the locations are shown of the larger scale natural 
failures identified from aerial photo-interpretation, from morphol­
ogical appraisal of 1:10,000 and 1:25,000. scale topographic maps 
and/or from walk-over field examination. The slips at each of the 
various locations have been sub-divided on the basis of failure 
type as shown on the figure legend. Also shown on the same plan 
are the locations and slope angles of typical stable natural slopes 
around the Brenig area.
The definitions of slope geometry and recorded slope angles used by 
the author for identifying stable and unstable natural slopes are 
shown on Figure 140 together with the comparative data relating the 
slope heights and slope angles for the stable and unstable slopes 
identified on the plan shown on Figure 139.. In general, other then 
immediately adjacent to water courses where undercutting of slopes 
had occured, the majority of natural slopes existing in and around 
the reservoir area prior to dam construction were stable.
In addition to natural slopes,, also shown on Figure 140 are some 
typical data obtained during construction of the dam, when cuts of 
significant height were made through a variety of glacial materials. 
Essentially two categories of excavation were made during the course 
of dam construction - permanent cut slopes varying from 1 on 1 to
FIGURE 139 LOCATION OF SOME RECENT AND SEVERAL POSSIBLE
POST GLACIATION SLOPE FAILURES IN THE BRENIG AREA.
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FIGURE 140 SLOPE HEIGHT:SL0PE ANGLE RELATIONSHIP FOR 
BRENIG GLACIAL MATERIALS.
1 on 4 were constructed to form the dam core trench. Slopes on 
either side of the core trench typically ranged between 2 and 5 metres 
in height although in individual cases, slopes of 8 and 12 metres 
height were excavated.
- temporary slopes, of both controlled and 
uncontrolled slope geometry, were developed during excavations for 
foundation preparation at the dam site and during the course of 
routine excavations for clay till for the dam core material. Individual 
slopes that developed during routine borrow excavations generally 
ranged between 5 and 10 metres in height, although in the vicinity 
of the haul road through the middle of the borrow, area some of the 
back slopes of the lower level of the borrow area reached heights of 
approximately 15 metres.
Many of these cuts in the borrow area were excavated with a face shovel 
to near vertical slopes. Although not of sufficiently uniform 
geometry to permit rigorous stability analysis, a number of the slopes 
that did fail exhibited block or wedge type failures along incipient 
fissures rather than the classic circular slip geometry normally 
associated with soil slopes.
Numerous procedures have been advocated for the analysis of the 
stability of soil slopes and embankments either in terms of total 
stresses or in terms of effective stresses. Several reviews of the 
validity and accuracy of the available techniques for use in soil 
mechanics work have been published in recent years. Johnson (1974), 
Duncan and Wright (1980), Wright (1974) and Whitman and Bailey (1966) 
outline most of the advantages and disadvantages of the available 
methods. For rock slope analysis probably the most authoritative 
discussion is presented in Chapters 7 to 9 of Hoek and Bray (1977) 
which deal in turn with plane, wedge, circular and toppling failure 
mechanisms that can occur in rock slopes. Table 21 summarizes the 
applicability of most of the common analysis methods.
For the fissured materials at Brenig, the author has utilized a 
variety of slope stability procedures. The solutions have ranged from 
the use of the classic circular total stress undrained approach to 
undertake the analysis of short term stability of construction slopes; 
through the use of comprehensive non-circular effective stress
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analysis techniques for the evaluation of the stability of selected
well-defined, large scale natural slope failures; to the use of 
graphical and analytical wedge and plane failure methods for consid­
eration of the influence of critically oriented discontinuities on 
the stability of both natural and cut slopes at Brenig.
In any glaciated area, most of the slopes have undergone movement by 
freeze-thaw solifluxion processes subsequent to the removal of the 
ice; consequently, within the reservoir area upstream of the dam, 
many lobate flow structures and relict shallow translational slips 
are evident. Most of these features are stable today, as the 
conditions required to propogate such slides have significantly 
changed since the ice age. However, in some of the areas where the 
groundwater table is still high,so that excess pore pressure can. 
develop, any significant alteration of conditions, such as under­
cutting of the toe by a small stream, has remobilized the pre-existing 
flows or slides such that relatively recent movements have occurred 
on some of these flatter slopes.
Any attempt to back-analyze slope failures in the glacial materials 
at Brenig, as indeed in any glacial materials, is complicated, in 
that many of the slopes have "not failed under the same environmental 
conditions. Some slopes have failed under relatively recent ’normal' 
conditions i.e. where changes in pore water pressures or stresses 
have occured by for example heavy rainfall, flooding or river 
erosion. Some of the more major slope failures, now inactive, are . 
considered by the author to have occured very soon after de-glaciation 
and dewatering of the proglacial lake in the Brenig valley. For 
such failures, the material comprising the slope probably was in an 
undrained state at the time of failure. Other slopes are certainly 
the product of solifluxion type translational movements.These-slopes 
failures were probably initiated subsequent to draining of the pro­
glacial lake but when climatic conditions were such that the types 
of flow slides characteristic of flow tills and of solifluxion 
failures could be readily propogated.
Three types of back-analysis techniques have, therefore, been applied 
to the existing natural slopes to attempt to deduce the dominant  ___
mass properties of the glacial materials insitu. Some typical slope 
profiles seen at Brenig and slope angle:slope height parameter 
interdependences are illustrated on Figure 141 for reference 
during the following discussion.
For the old, large scale rotational failures which are considered to 
have occurred under undrained conditions soon after draining of the 
proglacial lake, total stress analysis using 0 = 0  methods (Taylor 
1948, Gibson and Morgenstern 1962) appear appropriate. For the small, 
intermediate and large scale rotational slips which are evident on 
many of the river side slopes of drumlins in the Brenig area and are 
considered to be essentially of a first time nature or to have 
resulted from re-activation of pre-existing slips, effective stress 
analyses (Bishop 1955, Janbu 1954, Bishop and Morgenstern 1960 and 
Spencer 1967) have been utilized to back-calculate immediate post 
peak and ultimate residual strength parameters. For such slopes 
it is considered that stability is controlled by long term drained 
bulk shear strengths and by ultimate equilibrium pore pressures.
For the shallow, translational,flow-dominated failures considered to 
be of solifluxion or skin flow origin, effective stress analyses 
have been conducted using the thaw-consolidation model of McRoberts 
and Morgenstern (1974).
In addition to these back-analyses of natural slopes around the Brenig 
area, further insight has been gained into the behaviour of the 
glacial materials from the excavations carried out during dam 
construction.
Numerous cut slopes were constructed into the tills and into mixed 
sequences of glacial materials. Other than where uncontrolled slope 
geometries were created in the borrow areas, no failures of the till 
sideslopes of the core trench occured immediately subsequent to 
excavation. However, it is interesting to note that several small 
failures of the core trench sideslopes did occur between 3 and 5 
months after completion of the core trench excavation in the drift*
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Such failures were small and of no concern to the construction 
operation as they were cleaned up prior to clay placement for the 
dam core. However, such failures do indicate the time-dependent 
nature of slope failure in stiff, overconsolidated clays so clearly 
demonstrated by Skempton (1964) with reference to the London Clay 5 
(see also Figure 142, which illustrates the typical decrease in shear 
strength that can occur with time in London Clay —  the curve has been 
based on analysis of failure shear stresses corresponding to an 
effective normal stress of 35 kN/ri^ on the various indicated failure 
surfaces (Suklje, 1967)). This classic time-dependent behaviour is 
attributed to progressive breakdown of the intact soil skeleton as 
a result of strain softening and progressive rupturing in the zone 
of shear overstress at the toe of potentially unstable slopes (see 
Figure 143).
For the core trench cut slopes at Brenig which exhibited similar 
time-dependent failure, in view of the time which had elapsed between 
excavation and the occurence of the failures, it appears likely that 
natural drainage had developed and pore pressures equilibrated in 
the slopes. Accordingly, based on the type of pore pressure response 
anticipated for an overconsolidated clay (i.e. the tills) with 
Skempton*s pore pressure parameter A being of the order of 0 (see 
Figure 144), such failures have been analysed using effective stress 
methods rather than by means of an immediate 1undrained1 total stress 
analysis. .
Throughout the following discussion, analyses have been directed 
towards evaluating the properties of the materials comprising the 
slopes. For analysis purposes, the Factor of Safety of the failed 
slope has been assumed to be unity as this provides the most suitable 
means of evaluating the variation on material parameters insitu.
Other than in the case of the back-analysis of the major failure of 
the eastern side of the drumlin and for some of the failures in 
the cut slopes along the core trench, no attempt has been made to 
use laboratory strength data to derive a Factor of Safety at failure.
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. Changes in pore pressure and safety factor during and after excavation of 
a cut in clay (from Bishop and Bjerrum, 1960).
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TECHNIQUE FOR BACK ANALYSIS OF NATURAL AND 
CUT SLOPES ,
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(a) Total stress, undrained, back-analysis of 'old1
rotational slips 
Many of the slopes in glacial materials around the Brenig area, 
particularly on the sides of some of the larger drumlins, show 
remarkably uniform slope angles and surface conditions. Intact, 
competent till commonly occurs on such slopes below a thin (0.3-0,5m 
thick) covering of topsoil and grass. Often, as in the case of both 
of the larger drumlins on the dam alignment, there is no accumulation 
of slope debris or remnant solifluxion skin, suggesting that during 
periglacial times' such slopes:*; because- of their steepness, were--being 
actively degraded to fresh material, the typical depth of the 
degradation process presumably being intimately related to the depth 
of frost penetration as such silty tills are particularly prone to 
ice lensing and solifluxion flow when thawed.
Wilun and Starzewski (1975) give the following empirical relationship 
to determine the depth of frost penetration in sandy and silty 
clayss-
D = 0„23/Sf + 2*
• where D_ is the depth of frost
f
penetration in metres 
and S_p is the sum of average * below 
zero1 monthly temperatures 
taken as a positive value.
For typical periglacial conditions at Brenig, such as occur today in 
many subarctic areas (e.g. the tundra of northern Canada), frost 
penetration probably extended- to depths of several metres during 
winter conditions when monthly temperatures were often less than 
-40°C. Thawing of such frozen slopes in the summers inevitably 
gave rise to solifluxion flows as a result of the decrease in the 
undrained shear strength of the previously frozen surficial material, 
the water content of which was, on thawing, considerably higher than 
optimum. Accordingly, by this process, the slope angles of most of
the Brenig glacial features were flattened to the typical angles 
seen today. Furthermore, this process tended to ensure that the 
upper parts of the existing slopes remained within relatively fresh 
material, while the lower parts of the slopes became progressively 
covered by an increasing thickness of slope debris resulting from 
continued solifluxion slides. The stability of the overall slopes 
was thus significantly increased as the slope angles were flattened 
and significant toe weights added. Only with relatively recent 
river action or other toe erosion can such overall slopes become 
unstable.
The slope angle:slope height data on Figure 140 suggest a more or 
less constant stable slope angle of 10-15° for slope heights of 
greater than about 15m. It is possible that this trend reflects 
only the state of translational type slope equilibrium reached under 
periglacial conditions and bears little relationship to the stable . 
slope- angle for the materials when subjected to rotational failures. 
Significantly steeper slopes (c. 27-30°) of identical heights were 
reported by Vaughan and Walbancke (1975) for sandy tills in North 
East England for which the quoted drained strengths are comparable 
with Brenig materials. Extremely steep glacial slopes have also been 
recorded by Whalley (1975) who measured slope a»glee of 70° for 
slopes in excess of 60ra high. The slopes existed in stable, non­
frozen, clast-dominated gravelly till forming some valley moraines 
in the Alps. Comparative strength estimates from triaxial tests 
on the materials comprising these moraines indicated maximum drained
friction angles, 0 , of the order of 55° with associated cohesions,
2
c Jt of about 100 kN/m , giving Factors of Safety against circular 
d
failure in excess of unity even under relatively adverse ground­
water conditions.
The data from back scarp measurements made by the author at Brenig 
and elsewhere in mid-Wales confirm the notion that steep stable 
slope angles can occur in many tills under present groundwater and 
stress conditions.
A number of.old landslip scars can be found in the Denbighshire 
Moors area. These often cut into the general morphology of the
hillslopes of the area. Occasionally the bowls of such landslips 
are somewhat peaty but often the whole area is grassed over and to 
the casual observer gives the appearance of no more than an inter­
esting swale in the otherwise gently rolling hillside scenery of 
the moors. These features are considered by the author to represent 
large relict post glacial rotational features.
Few of these relict large failures have been reactivated in the upper 
moorland. However, several alongside river courses have undergone 
and are still undergoing movement. These latter cases will be 
discussed later.
The typical geometry of all of these old relict landslips has given 
rise to back-scarps of the order of 25-40° which are steep for clays, 
but of the same order as found elsewhere for till slopes of marginal 
stability. On such slopes signs of surficial instability such as 
turf rolls and very small scale slips are frequently evident. Making 
the assumption that the geometry of these slopes, as typified on 
Figure 141, resulted from classic rotational slippage soon after '
drawdown of the meltwater from the moorland areas around Brenig, 
overall slope angles have been determined as shown on Figure 140.
For an assumed range of 10 to 30° for the original overall slope 
geometry of these 20-45m high till slopes on which the author has 
identified possible old relict landslips, it is possible to undertake 
a 0=0 analysis using as entirely saturated, but not fully bouyant,
k ^
bulk density for the tills of of 2.3T/m (see Figure 145). This 
is equivalent to the saturated unit weight under the most adverse 
conditions of rapid drawdown of the lake in the Brenig area, i.e. 
allowing no drainage to have established in the slopes at the time 
of full drawdown.
Based on Taylor’s (1948) charts for critical toe circles (i.e. D=l,
see Figure 146), undrained strengths S ranging between 50 and
2 U 130 kN/ra are deduced. A somewhat higher strength range extending
2
to approximately = 200 kN/m may be inferred from use of the 
lower chart on Figure 146 which has been modified from that of 
Gibson and Morgenstern (1962).
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FIGURE 146 STABILITY CHARTS FOR UNDRAINED, TOTAL 
STRESS ANALYSIS (0=0 CONDITION)
(From various sources).
It is encouraging that the values of back-calculated from the two 
charts presented on Figure 14S correspond well with available 
laboratory and field determined undrained strength data. Reference 
to Figures 102, 116 and 130, which show laboratory and pocket 
penetrometer strength determinations for the tills and for the 
glacilacustrine clays shows the general similarity between the 
back-calculated strengths and the measured data. Based on the 
laboratory data and on the plentiful pocket penetrometer 
determinations,when plotted with respect to moisture content in the 
fashion shown on Figure 116, it appears that the tills and glaci­
lacustrine materials today are slightly drier than might be inferred 
from the back-analysed strength data. This is possibly in part due
to the slopes having not failed under such adverse drainage conditions 
as assumed, but possibly is also due to some degree of overconsolidation 
possibly partially brought about by desiccation.
A further point of note illustrated on Figure 146 by the S^/cr^ plot 
against plasticity index is that the trend lines for the tills and 
the glacilacustrine silty clays intersect at a value of 
corresponding to the typical plasticity index of 15% which occurs 
for many of the saddle area tills (LL=33-38%, PL=18-22%, see Figure 91). 
This intersection point, by cross-reference of the slope angle plot 
on Figure 146 to the field data shown on Figure 140 also appears 
to mark some form of upper bound to the measured slope angles seen 
in the Brenig area, even for the steepest sections of the backscarps 
of relatively small ancient slides.
The spread in the data on Figure 140 for the ’band' of failed slopes 
within which several stable slopes occur is wider at greater slope 
heights than when slopes of the order of 3m high have been excavated. 
Assuming for the moment that the groundwater conditions at failure in 
all of the slopes have been similar, the variation in the recorded 
slope angles appears more a function of friction angle than of 
cohesion. This is illustrated on Figure 14-1 and suggests that the 
controlling parameter for the stability of the slopes in a mfcural 
state should be expressed in terms of 0 vrather than S u  (0=0).
Accordingly, noting from Figure 14l that cohesion plays a significant 
role in increasing stable slope heights at high slope angles and that 
variations in 0 exert little significant influence at this end of the 
range, and assuming the slope to be fully saturated, an appropriate 
range of c u values can be selected to fit the lower and upper bound 
curves on Figure 140 for critical slope angles in excess of 40°.
With these selected values appropriate 0 values can be determined 
from the curves to the data for the low angle slopes at the other end 
of the graph on Figure 140. ' '
By this method, using the total stress c,0 graphs on Figure 147, 
assuming for instance that all slopes shown on Figure 139 and 140 
failed in an undrained state, then,noting that 3s appears to define 
the lower bound slope height beyond a 40° slope angle, an undrained 
cohesion, of between 1 and 10 kN/m can be estimated for a large 
range of friction angles,, 0 > of 40° to 10° respectively. For the upper 
bound curve, where a slope height of 5m appears reasonable at? a 45°
slope angle, cohesion values are found to range between 2 and 12
?
kN/m for the same range of friction angles.
Taking the mid-range value of cohesion of approximately 6 kN/m 
determined in this manner as being representative of the average 
insitu material undrained cohesion, the undrained friction angles 
corresponding to the two curves shown on Figure 140 can be readily 
determined from the charts on Figure147 to range between 0 « 11
and 14° for the lower bound curve and between 0 s 18 and 23° for 
.the upper bound curve.
It is noteworthy that these values represent the range of strengths • 
anticipated for the clayey rhythmites and the typical matrix-dominated 
tills respectively.
For purposes of back-analysis of recent failures however, it is more 
appropriate to examine the same data expressed in effective stress 
terms and to evaluate the field pore water conditions than to continue 
with analysis using total stress methods. x
FIGURE 147 STABILITY CHARTS FOR TOTAL STRESS, c, 0, 
BACK-ANALYSIS TECHNIQUES (from Wilun and
a v»t  owe- U -? 1 Q 7 K \
(b) Effective stress back-analysis of natural rotational type 
slope failures of comparatively recent age.
The two classic dish-shaped slope failures which have occured on the 
eastern side of the ch.920 drumlin on the dam centreline are shown 
diagrammatically on Figure 4. On Figure 59 the relationship of the 
failures to the overall drumlin shape and to the major fissure 
orientation patterns is shown.
From any cursory inspection of the two failures it would be assumed 
that river erosion by the Afon Brenig had been the sole cause of 
failure. Erosion by the river, as previously discussed, probably 
originated as meltwater downcutting prior to and during drainage of 
a proglacial lake in the Brenig Valley. The slope height:slope angle 
data for the two slips and for the stable intervening area of the 
drumlin as shown on Figure 140 can be summarized in tabular form 
as follows: '
EXISTING SLOPE ORIGINAL OVERALL
FEATURE CHAINAGE HEIGHT ANGLE* SLOPE ANGLE**
Stable east 1040+60 8— 12m 9-11° 20-25°
drumlin slopes 980-200 15— 18m 8-13° c* 18°
Large non­
circular slip
1070-90 20—25m 38-46° 23-27°
Med-scale non­
circular slip
1020+100 5— 11m 35-40° sr= 18— 23
TABLE 22 : Data from Slopes on East Side of Ch. 920 Drumlin
* Grass slope forming back scarp of failure or
of stable section of drumlin as determined 
from field survey.
** Inferred angle, based on smoothed contoured 
shape to drumlin form prior to downcutting 
by meltwater flow.
If the data on the original overall slope angles as plotted on 
Figure 140 are used as the basis for a similar effective stress 
back-calculation to that undertaken for the total stress undrained 
cases, material parameters can be obtained with a pore-pressure value
T s q u i v a l e n t  to the anticipated groundwater conditions u nQ <js
prevaling in the slopes. These calculations can be rapidly performed 
for most normal slope angles and groundwater conditions directly 
from the charts presented on Figures 148(a) and (b) which were 
prepared by the author from Bishop and Morgenstern's 1960 data.
Based on groundwater conditions existing at the site during dam 
construction, an r^ value of the order of 0.3 appears appropriate 
to the east drumlin slopes. Published information relating to 
groundwater conditions at failure in other similar slopes suggests 
that average r^ values immediately prior to or just after failure 
range from 0.25 to 0.5 (Bishop and Morgenstern 1960). Accordingly,
using the chart for r = 0,3 on Figure 148(b) and the data presented
. . o o
in Table 22 and on Figure 140, 0' values of 13 to 17.5 and of
25° to 33° with corresponding c 1 values of 3.5 and 6.5 kN/m
respectively can be inferred for the lower bound and upper bound
slope height:slope angle curves on Figure 140. .
These back-calculated parameters are particularly interesting in 
that the lower bound values correspond closely with the range of 
residual strengths determined, for the glacilacustrine- silty clays 
(see Figure 133) while the upper bound values can be considered to 
correspond either to.the peak strength of the laminae in the glaci­
lacustrine materials (see Figures 131 and 133) or to the operational 
fissure strength of the tills (see Figures 110, 113 and 115).
In an attempt to establish what influence various materials had 
exerted in the failure of two slips on the east side of the drumlin, 
examination was undertaken by the author of all of the avsilable 
boreholes pertaining to the area. In addition, two deep trenches 
were excavated in the toe section in the centre of the failure 
bowl of the larger slip and another two trenches were excavated across 
the upper part of this same slip in an effort to locate the failure 
plane. Similar trenching operations were also undertaken in the area 
of the small slip.
Specification  o f  param eters for the use o f  Bishop and M orgenstern stability  
coefficients in effective  stress analysis o f  slopes.
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FIGURE 148(a) STABILITY CHARTS FOR EFFECTIVE STRESS BACK-
ANALYSIS (Modified from Bishop & Morgenstern).
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On Figure 8 are shown the locations of the boreholes and of the 
trenches numbered T17, T18, T20 and T21, which were excavated to 
define the failure surface of the large slip at ch.1070-90. A 
cross-section of the pre-dam construction slope geometry and sub­
surface conditions based on the borehole and trench data supplemented 
by the author's field mapping is shown on Figure 149. On Figure 150 
is presented similar information for the small scale failure at 
ch.1020+100.
Despite careful trenching, no definite failure plane could be 
identified at the toe of the large slip. However, indications from 
fissuring and disturbance in the materials, from groundwater evidence 
recorded- in Trench T17-, the- location of which is-shown on-Figure 149, 
and from the author's detailed mapping of the core trench excavation, 
it is inferred that the toe of the failure exited along the bedrock 
surface. In the main part of the slip it is considered by the author 
that the failure followed the boundary between the glacilacustrine 
silts and the bedrock surface, while further up the slope it is 
reasonably certain that the backscarp was formed by dominant fissuring 
within the drumlinized tills as identified in the bulldozer trenches 
T20 and T21.
From all this data the inferred failure geometry has been plotted 
on Figure 151 as the basis for undertaking stability analyses. The 
geometry has been shown together with simplified subsurface geological 
and groundwater details and the author's estimate of the pre-meltwater- 
eroded drumlin shape based on contour smoothing for the existing 
drumlin.
Trenching across the small failure bowl at ch.1020+100 was more 
successful in precisely establishing the failure plane location. A 
shear zone containing lineated roots was identified in trench T19 
separating disturbed material of high moisture content from underlying 
insitu laminated glacilacustrine silty clays (see Figure 152). The 
inferred failure geometry and the subsurface geology in the failure 
area have been compiled on Figure 15Fo using data determined from the 
author's logging of trench T19 and from the boreholes in the immediate 
area.
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VICINITY OF FAILURE PLANE OF 
CH. 1020+100 SLIP SURFACE
Both of these falures are non-circular in shape. Part of the failure 
plane in both cases has been controlled by sub-horizontally bedded 
glacilacustrine laminated silty clays and part has been contrdled 
by dominant fissuring in the tills. Accordingly the author has used 
Janbu's non-circular arc method of analysis as the most suitable' 
means to evaluate a Factor of Safety for the pre-failed slope 
conditions. This analysis has been undertaken as a check on inferred 
material strength parameters derived in this chapter from simple 
back-analysis charts and presented in Chapter 11 from laboratory 
data.
The rigorous procedure including the evaluation of interslice forces 
(Janbu, 1973) has been undertaken for the smaller failure where the 
geometry of the recent failure surface is more precisely known. The 
results of the analysis using, residual strength parameters and an 
estimate of the original groundwater conditions at failure are 
presented in summary form on Figure 153. The Factor of Safety 
computed for the slope at failure is 0.98, i.e. just less than unity. 
The result is similar to that obtained by Skempton (1964) for the 
slip at Selset, also in glacial materials. In the currect analysis 
the calculation procedure that has been used (Janbu, 1973) has been 
reprogrammed for hand calculator computations as outlined in Appendix 
D.
For the large failure, Janbu's simplified procedure has been adopted 
(Janbu, 1954). As with the more rigorous method, the calculation 
procedure has been programmed for hand calculator usage as presented 
in Appendix D. For this case' again, as for the small failure, the 
results of the author's analysis indicate that the Factor of Safety 
just prior to failure is of the order of 1.0 dependent on the 
inferred pre-failure geometry and groundwater conditions (see
Figure 151). -
v  '
The fact that these results fall so close to the expected Factor of 
Safety of unity provides a useful verification both of the' validity 
of the material parameters derived from laboratory data and back- 
analysis charts and also of the presumed natural processes that have 
occured in the area of the failure. The significance of the fissuring 
within the tills, however, cannot be fully appreciated from these 
methods of 2-D stability analysis.
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FIGURE 153 RESULTS OF STABILITY ANALYSIS OF 'RECENT' 
FAILURE AT CH. 1020+100, USING JANBU'S 
RIGOROUS ANALYSIS PROCEDURE.
A graphical method of stability analysis pertaining to slopes containing 
critically oriented discontinuities has been undertaken of the back- 
scarp area of the ch.1070-90 failure. The method of analysis is a 
composite graphical approach for friction only conditions adapted by 
the author from the methods presented by John(1968), Markland (1972),
Hoek et al (1973), Londe et al (1970) and Goodman and Bray (1976).
The method initially uses the stereonet to determine the potential 
for planar, wedge or toppling failure modes to develop in any slope.
Once the critically oriented discontinuities have been isolated using 
the criteria illustrated on Figure 154-, more comprehensive graphical 
or numerical solutions are possible to determine the Factor of Safety 
of the slope containing the unstable block. Such analysis can include 
groundwater effects and lateral or surcharge loading. Comprehensive 
discussions of the available graphical and analytical methods for 
evaluating the stability of variously shaped blocks are contained in
Chapter 8 and Appendix 1 of Hoek and Bray (1973) and in the paper by
Londe et al (1970). .
For the present case, in order to provide added input data for the 2-D 
non-circular stability analysis of the centre of the main slip, the 
influence of the discontinuities in the till have been assessed by 
the method shown on Figure 154- to evaluate to what extent fissures 
are critically oriented. As shown on Figure 155, fissures of set J-3 
potentially can give rise to planar failures, while the intersections 
of J1 and J3 can allow wedge failures to develop. The intersection 
line of these potential wedge failures is oriented at N061°E, an 
angle which is possibly significant as it tends to follow the centre­
line axis of the failure bowl of the main slip (see Figure 59).
Utilizing the data plotted on Figure 155* the wedge factor graph
included at the bottom of the figure and an effective friction angle,
0 1 of 28° (c*=0) for the fissures in the till (see Figure 113), the ;
Factor of Safety against sliding for the back part of the main slip
bowl is calculated as 0.44 assuming a 2—D vertical section along the 
axis of the line of wedge intersection. This tends to indicate that 
failure of the entire slip was significantly influenced by the ■
fissuring. However, initiation was probably controlled by shear 
overstress in the toe area of the slip in the glacilacustrine 
materials (compare stress concentrations on Figure 143 with thei
simplified sub-surface geology of the slip area shown on Figure 151).
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FIGURE 155 KINEMATICS OF FISSURES ON BACK SCARP 
OF CH. 1070-90 FAILURE BOWL.
With the build up of tensile stresses at the crest of the slip 
immediately prior to failure, it is considered that the shape of 
the failure bowl of the chainage- 1070 slip would have-been largely 
governed by wedge-shaped incipient failures that would have developed 
in the back scarp area of the slip following the reduction of normal 
stresses across the controlling discontinuities in such wedges. 
Accordingly the existing slip surface geometry is a result of complex 
interactions of planar discontinuity controlled failures and rotational 
slippage.
Throughout all the preceding discussion utilizing soil mechanics 
approaches, no consideration has been given to the effect of three­
dimensional constraints on the Factor of Safety. In general the 
approach has always been to evaluate only the stresses on a single 
vertical cross section through the slope. To date no rigorous 
treatment of three dimensional slope stability has been presented 
in the literature.' The best available method of assessing the 
influence of three dimensional effects as suggested by Lambe and . 
Whitman (1969) is summarized in the upper diagram on Figure 156.
The results of undertaking simplified Janbu analyses of several 
sections in compliance with this approach are presented on Figure 156, 
lower diagram. As can be seen, the apparent edge effects induced by the 
more stable margins alongside the failure bowl can give rise to a 10% 
increase in the calculated overall Factor of Safety of the slope at 
failure when compared with that determined for the typical central slip 
sections. It seems therefore that more research is warranted into the 
analysis of the three-dimensional effects of side constraint on 
failures. This perhaps could be undertaken by means of radially 
positioned stability sections through a carefully instrumented 
natural slip. Based on Brenig data, it would appear that non-circular 
methods of analysis would be most appropriate, possibly using earth 
pressure methods to generate side inter-section forces in the same 
manner as interslice forces are generated at present in the rigorous 
Janbu analysis.
Returning to consideration of the slope in plane strain, in a further 
effort to glean as much data from the failures on the drumlin slopes 
at Brenig as possible, an attempt has been made to back-analyze the
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FIGURE 156 APPROXIMATE THREE-DIMENSIONAL VARIATION OF
COMPUTED FACTOR OF SAFETY FOR DRUMLIN FAILURE 
AT CH. 1070-90, (F-S.(Overall) = 1.10).
central section of the ch.1090-70 slip to determine the critical
shear strength:shear stress relationship pertaining' to- the materials 
present along the failure surface. This has been accomplished using 
the circular arc method of slices proposed by Bishop (1955) applied 
in the manner suggested by Kenney ( 1966 and 1967).
The method of approach is illustrated in the upper part of Figure 157. 
Essentially, using assumed friction singles within the range of 
laboratory data, and computing Factors of Safety close to unity for 
a series of assumed failure surfaces approximating to the shape of 
known failures, a series of values of the shear stress can be 
derived for each failure surface. For each surface, the average 
shear stress is:
=a 2(w.sin 9)/arc length
where 9 is the inclination of 
the base of any slice 
and w is the weight of that 
slice.
With this value known, using the assumed friction angle and Factor of
Safety, the value of tan 0 f/F can be determined, while from the
results of the slip circle calculations, c'/F can be obtained directly
without iteration, thereby allowing computation of <r*. The handn
calculator program developed by the author for undertaking these 
analyses is included in Appendix D.
For a series of potential circular failure arcs, the centres of which 
have been plotted to correspond with the location of the identified 
failure surface or with some intermediate surface (see Figure 158), 
the parameters tan 0 l/JT and c ’/F have been determined for the drumlin 
slip to produce the critical stress curve shown on the lower part 
of Figure 157. It should be stressed that the values of 0 ’ (c'=s0) 
assumed in the back-analysis calculations are not necessarily 
characteristic of the materials on the failure plane. The values 
are used only as a means of determining the average shear and normal 
effective stresses which can be expected within the slip. From 
these stress values the enveloping curve drawn to these points,
FIGURE 157 METHOD AND RESULTS. OF CRITICAL STRESS CURVE 
COMPUTATIONS FOR SLIP SURFACES ON EAST SIDE 
OF CH. 920 DRUMLIN.
(See Figure 158 for typical sections used in 
Bishop analysis).
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representing the most critical average stress conditions on the slip 
passing through the slope , can be used to determine directly the 
actual strength characteristics of the materials. For the drumlin 
failure, the closest circular arcs corresponding with the actual 
failure plane have been utilized to construct the curves shown on 
the lower diagram on Figure 157. The results are particularly 
interesting in that two distinct critical stress curves result from
the analyses, one for the tills which from curve fitting suggests
o 2parameters of 0^ = 26 to 28 (c£ = 0 to 5 kN/m ) and one for the
rhythmites which suggests operational parameters of 0* =* 14 to 18°
2 . • . • r 1
(c^ = 8 to 25 kN/m ). These values fall well within the range of 
other back-analysis data. They also correspond with the inferred 
residual fissure strengths for the tills and the residual strengths 
of the laminae in the glacilacustrine materials (see Chapter 11).
(c) Effective stress, thaw-consolidatiQn back-analysis of 
• shallow translational slips and earth flows.
On Figure 141 are illustrated some of the typical characteristics 
of the translational type slips that were identified by the author 
at Brenig. The large majority of these type of slips appear to 
have formed on the western side of the reservoir basin and on the 
hillslopes immediately to the south of the saddle area of the dam 
site (see Figure 139). Terminology for various types of translational 
slips and flows abounds in the geomorphological literature (Embleton 
and King 1968)'. The generally accepted terminology in geotechnical 
parlance as summarized by McRoberts and Morgenstern falls into three 
classes - solifluxion slides, skin flows and bimodal flows. Because 
of the unfortunate terminology difficulties that appear prevalent 
in the geomorphological literature due to the mixing of mass movement 
mechanisms and descriptive classifications, definition is necessary 
here of these three types of periglacial translational movement 
features. .
Solifluxion slides - involve the progressive mass downslope 
translational movement of a zone of insitu material as a result of 
freeze-thaw. Such movement generally gives rise to a surficial zone 
of considerably disturbed highly fissured material overlying a 
slickensided basal shear p^-ane. Solifluxion slides typically can 
be extensive; they are then referred to as sheets or terraces. Often 
no distinct edges can be defined to such features.
Skin flows - involve the detachment and downslope movement of 
a thin veneer of vegetation and soil material. Frequently such skin 
flows occur in long ribbon-like forms which may coalesce into sheets, 
Bimodal flows - are combination features which exhibit a back-
scarp almost akin to*rotational slips and a snout region with a steep 
fronted face to the lobe of material that has flowed out from the 
backscarp. Generally some ground ice is exposed in the backscarp which 
by continued ablation provides material to the lobate flow.
All of the above features can be found separately or coalescing one 
with another in areas of current periglacial activity. At Brenig, 
morphological forms characteristic of each type of feature can be 
identified from the author's aerial photo-interpretation of the 
reservoir basin* The stable slope- angles of the identified 
features at Brenig, even under temperate climatic conditions, appears 
to be under 12°, most of the slopes occuring at angles of between 
4 and 9° (see Figure 14G). Activities connected with the excavation and 
construction of the dam involving temporary road works across such 
relict periglacial slides and excavation through old failures in 
the borrow area indicated that where present day groundwater condi­
tions v/ere still adverse, the slopes were only marginally stable at 
angles of about 6°, as has-been- specifically indicated on 
Figures 139 and 140.
In one or two cases along the lower section of the borrow area and 
in the upstream toe trench area of the dam site in the vicinity of 
ch.500+150, trenching was undertaken through typical slopes considered 
of marginal stability. Back-analysis of the material parameters for 
these flow-type slides using the relationship for infinite slopes 
under saturated conditions tends to significantly underestimate 
residual strengths derived from laboratory data. Using the 
relationship:
-l
0^ s tan (-j-tanjd)
where is the angle of the slope
0' is the residual effective r
friction angle (c'=:0)
* is the ratio of effective to
v-
total unit weight which for 
steady state seepage parallel 
to the slope is usually Vz
4oy.
for typical stable slope angles at Brenig of 4 to 8° and for the
o
unstable slope angles of 6 to 9 , residual shear strength values 0 ’
Q r
are calculated to be of the order of 3 to 4 * Realistic values of 0*
r
for the glacilacustrine clays are more typically 17 to 19°, ^hile 
for the fissures in the tills 0^ values are of the order of 25° (see 
Chapter 11 and data from critical stress curve, Figure 157).
Morgenstern and Nixon (1971) and McRoberts and Morgenstern (1974) have 
presented an approach invoking thaw consolidation which can resolve 
the discrepancy between back-calculated strengths for such slope 
failure processes as sol I fluxion using existing natural slope angles 
such that the results compare well with laboratory determined residual 
strengths•
When water flow is assumed parallel to a sloping frozen- impermeable 
boundary beneath a zone of translational movement, the Factor of 
Safety is:
c* + hcos^5(^- ra^ w )tan0'
F =  SttffiSoqT*........   (Skempton & Delory 1957)
For horizontal flow, over the same frozen lower boundary, however, a 
somewhat different relationship is obtained:
Q
c' + h(tfcos ft - J  )tan0*
F = — — --  ■■■"■-----— —  .... (Skempton & Hutchinson,
Jhsin^cos^ - 1969)
where h^ = u, the pore pressure acting 
at the base of the assumed 
slide.
where h is the vertical- thickness of the 
translational slide 
and m is the ratio of groundwater
height to slide thickness, h.
For thawing soils,the excess pore pressure induced by thawing at the
surface of the frozen substrate (as-given by McRoberts-and-Morgenstern,
1974) is: •
u = ( ^  - £ w )hcos A (------— rr)
1 + l/2R
where the thaw consolidation ratio R = <^2 v/rcT’ expresses the relative 
influence of the rate at which water is produced by thawing and the 
rate at which it may be released from the thawed soil overlying the 
thaw:frozen interface.
The coefficient 06is dependent on the soil temperature, thermal 
conductivity and latent heat of the frozen substrata. Under most
natural conditions 06 can be expected to range between 0.01 and
y
0.10 cm/sec 2 (McRoberts and Morgenstern, 1974). Thus the formulae 
given by these authors can be used directly to backcalculate residual
shear strength,0^,values where c'=0,as is the case for most slopes 
of this kind (Skempton and Petley, 1969). Assuming that the Factor 
of Safety under original thawing conditions immediately post ice 
retreat was unity, then:
0 ' aa tan 1 r
tan^£
' (&R-X) s J
where AR - 1 + ——
2R 1
but as R =ot>/2/cT ando6=0.05cm/sec^ 
then R = 2.81/2/cT| for most
.practical purposes,
for c in m /year.• v
This expression has been graphed on Figure 159 for the range of
and bulk densities recorded at Brenig as an aid to back-analysis
of the solifluxion and bimodal types of translational slides identified
2
at the site. For typical cy values of 4 m /yr for both the tills 
and the bluish grey, high moisture content glacilacustrine silty 
clays found in such slide areas, backcalculated residual friction 
angles of 29° and 19° respectively are determined for slopes of 9° 
in tills and 5° in rhythmites. These values are in relatively good 
agreement with laboratory residual strength data, thus giving '
credability to this method as a viable means of determining effective 
residual strengths solely on the basis of field morphology and laboratory 
oedoraeter testing of samples from typical slide areas.
One point of note, however, in any consideration of such flow slides 
is the susceptibility of the materials themselves to reliquify on 
disturbance thereby initiating a new flow slide under current 
groundwater conditions. At Brenig it was found that the more well- 
graded the composition of the material comprising the old flows, the 
more stable the area was when disturbed by excavation or b^ other
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construction activity. The only zones of significant re-mobilization 
were found in the vicinity of the lower road to the borrow area where 
high moisture content, fairly uniformly graded, slightly sandy, silty 
clay with occasional gravel and cobbles constituted the material of 
the old slide. In this context, use of the grading envelope presented 
on Figure 160 (after Hutchinson, 1967) may allow a useful engineering 
’weighting' to be placed on each slide area, identified from photo­
interpretation, relating its propensity for reactivation under
construction activities. Potential slide areas considered of concern, 
in this way, could be avoided.
(d) Effective stress, back-analysis of failures that occured in 
cut slopes along the dam core trench.
Almost the entire length of the core trench excavated in till to 
depths of 5 to 8m remained stable throughout the 12 to 18 months that 
various sections of the core trench remained open. Two small 
failures, however, did occur in the vicinity of intercalated fluvio­
glacial deposits. Cross-sections of these two failures are presented 
on Figure 161.
The failure at ch.1020 occured on the downstream batter of the core 
trench, while the failure at ch.1015took place in the upstream batter. 
Groundwater conditions at failure have been inferred from the author's 
observations at the time. The location of seepage on the face and 
the inferred groundwater condition in the slope have been plotted 
on Figure 161, The Casagrande method of construction has been used 
to sketch the flow net onto the sections.
Analysis of the Factor of Safety of these slopes has been undertaken 
using the simplified Janbu procedure programmed for desk-top computer 
use (see Appendix D). Various assumed pore water conditions have 
been evaluated using assigned material parameters deduced from the 
data in Chapter 11 and from the results presented earlier in this 
chapter. The sensitivity of the Factor of Safety to groundwater 
condition is illustrated on Figure 162, which indicates that both 
slopes failed when close to a fully saturated condition (r^ = 0.4).
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Note Refer to Figures 85 and 125 for typical 
gradings of tills and glaci-fluvial/ 
glacilacustrine materials respectively.
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FIGURE 162 RESULTS OF STABILITY ANALYSES USING JANBU'S 
SIMPLIFIED PROCEDURE OF SLICES FOR SLOPE 
FAILURES ALONG CORE TRENCH FOR VARIOUS 
ASSUMED PORE WATER CONDITIONS.
The simplified Janbu method of analysis was considered justified as 
well as appropriate for analysis of these failures not only because 
of the non-circular geometry (see Figure 161), but also because of 
the close agreement obtained between the rigorous Janbu method and * 
the simplified procedure when applied to the similar d/L ratio 
slope of the drumlin slips (see Figures 151 and 153).
In an effort to determine the Factor of Safety of the till slopes 
along the core trench which had not failed and had stood throughout 
the construction period (i.e. had probably drained) and to deduce 
maximum safe slope heights under drained conditions, a series of 
simplified effective stress Janbu and Bishop analyses were performed 
on the highest section of ut till slope.
This slope, which was cut at 45° and occurs at ch.930 almost on the .
drumlin centreline, was stable and relatively dry throughout core 
construction. The results of stability analyses varying 0* within 
the range inferred for the slightly clast dominated till from data 
presented in Chapter 11, suggested that the slope, when dry, stood 
with a Factor of Safety greater than 1 against deep seated failure. 
However, instability could be induced if r^ values exceeded 0.1.
The results of varying the material properties of the till comprising 
the slope are shown on Figure 163, together with the geometry of the 
inferred deep failure surface. A similar comparative analysis was 
conducted for a typically shaped shallow failure arc (see Figure 163), 
Both sets of analyses suggest that for such 45° slopes, provided that 
unfavourably oriented fissures do not occur or other weaker laminae 
exist, even relatively steep slopes will be subject only to superficial 
slips. This appears to be supported by the high slopes in till 
temporarily created during excavations in the borrow area, where for 
several months, 15m high slopes remained stable at angles well in 
excess of 45°, an observation which tends to suggest that peak strengths 
of tills where fissuring is not unfavourably aligned are of the order 
of 40° or more, thus again confirming the over-riding control that all 
forms of discontinuities exert on the stability of slopes in glacial 
materials.
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CHAPTER 13
ENGINEERING CLASSIFICATION 
OF SRENIG GLACIAL DEPOSITS
The geoteehnical data accumulated from the field investigations, 
from the laboratory test work and from the back-analyses of the 
natural and cut slopes around the Brenig area has allowed 
development of a general engineering classification within the 
framework provided by the glaciology.
Three major divisions can be drawn between the various material types 
on the basis of their glaciological mode of origin. These three 
broad divisions are:-
(a) Tills and till-like deposits
(b) Ice contact, disintegration and fluvioglacial outwash 
materials
(c) Glacilacustrine sediments.
From a geoteehnical viewpoint, there is a drastic difference in 
material behaviour between those deposits which tend to be fine 
grained and often cohesive and those which tend to be sufficiently 
coarse grained that fines are virtually absent. In order, therefore, 
to usefully classify the various types of glacial deposits found at 
Brenig and elsewhere it is essential to make distinctions between 
materials of the three glaciological subdivisions on the basis of 
grading analyses.
From this viewpoint, because of the basic differences in material 
behaviour of the different granularity materials, the three glacio­
logical groupings can be subdivided as tabulated below. The deposit 
types indicated in the two subdivisions represent, in a generic sense, 
the overall character of the materials of the type indicated.
MATERIAL GROUP GENERALLY . FINE DOMINANT
. GENERALLY 
COARSE GRAINED
Tills and Paratills
Lodgement Till 
Meltout Till 
Waterlain Paratills
Deformation Till 
Flow Till
Ice contact and 
fluvioglacial outwash
Clay and silt 
inclusions in tills 
and other outwash
Sand and gravel 
rhythmites, imbricate 
sandy gravels of 
esker and braided 
outwash affinity
Glacilacustrine
sediments
Laminated clay and
silt deposits -
fine grained rhythmites
TABLE 23: GENERALIZED GRAIN SIZE CLASSIFICATION OF GLACIAL DEPOSITS
For the purpose of classification of the glacial deposits at Brenig, 
the author has found that the use of compilation envelopes for each 
of the major material types is beneficial to rapidly categorize 
material properties.
Typical grading analyses for the Brenig materials were presented in 
Chapter 11 on Figure SS" for the tills and on Figure for the 
glacilacustrine and fluvioglacial deposits. On Figures lt^-to 
gradation envelopes based on the complete suite of Brenig data are 
presented for the tills, and for each of the major waterborne material 
groupings. Kurtosis and split sizes or modal ranges for the material 
divisions are given on the same diagrams for each of the envelopes 
as such statistical grain size parameters can provide useful indices 
to determine standard engineering properties. Correlation curves of 
kurtosis values plotted agaisnt dry density are given on Figure 168
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DRY DENSITY OF VARIOUS BRENIG GLACIAL MATERIALS.
as an example of the effectiveness of grain size statistics for 
segregating material types, thereby allowing ready derivation of 
basic geotechnical data nsing only the-, grading curves.
For the generally fine dominant deposits listed in the central 
column of Table 23, the classic Atterberg plasticity and activity 
classification charts shown on Figures 169 and 170 can- also be used 
for rapid evaluation of material characteristics. The Unified Soil 
Classification divisions shown on the Plasticity Chart have been 
included for comparison with other published data on properties of 
materials of similar characteristics (see Unified Soil Classification 
Scheme shown on Table 24 and Wagners (1957)chart of "engineering 
material behaviour in construction use" presented on Table 25).
These latter classification charts, although of considerable use in 
evaluating the suitability of individual material types for construction 
use, by themselves are not specific enough to allow classification 
and grouping of glacial materials such that the knowledge can aid in 
correlating the engineering properties of the materials to their 
genetic origins.
In attempting such a correlation, the author has compiled a series 
of graphs to inter-relate the principal engineering parameters of 
the Brenig glacial materials. Data from insitu and laboratory tests 
carried out on more or less the full suite of deposits found at the 
site have been used in compiling the many diagrams shown in earlier 
chapters as well as those shown on Figures 171 to 175", which 
respectively relate void ratios, peak friction angles, moisture 
contents and Atterberg limits to data that can be derived directly 
from grading curves.
For many of these graphs, simple linear, power or exponential functions 
can be developed relating the plotted parameters. For the case of 
the graph of void ratio versus moisture content (Figure 173), the data 
for the tills and the glacilacustrine materials falls on the one 
straight line. For the graph correlating peak friction angles to 
percentage clay in the fine fraction (Figure 175), quite complex
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bard, angular gravel particle* 
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for laboratory classification of f ir x  grained soils
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stand a id .
)UaiaAcv (Reaction to shaking):
Alter removing particles larger thaa N o. 40 sieve sue, prepere a pet of 
moist soil wun a volume o t  about one-half cubic inch. Add enough 
water if necessary to make the soil soft but not sticky.
Place the pat in the open palm o f one hand and shake horizontally, striking 
vigorously against the other hand several times. A positive reaction 
consists o f the appearance of water on the surface o f the pat which 
changes to a livery consistency and becomes glossy. When the sample 
is squeezed between the Ungers, the water and gloss disappear from the 
surface, the pat stiffens and finally H cracks or crumbles. The rapidity 
of appearance of water during shaking and of its disappearance during 
squeezing assist in identifying the character of the fines in a soil.
Very nnc clean sands give the quickest and most dutinct reaction whereas 
a plastic clay has no reaction. Inorganic silts, such as a typical rock 
rtour, show a moderately quick reaction.
D ry  S tr tn g ih  (Crushing characteristics):
After removing particles larger then No. 40 sieve size, mould a pat o f soil 
io ihe consistency of putty, adding water if nacesaary. Allow the pat to 
dry completely by oven, sun or air drying, and then teat its strength by 
breaking and crumbling bciween the fingers. This strength is a measure 
of the character and quantity of the colloidal fraction contained in the 
soil. The dry strength increases with increasing plasticity.
High dry strength is characteristic for clays o f the CH group. A typical 
inorganic silt possesses only very slight dry strength. Silty fine sands 
and silts have about t he same slight dry strength, but can be distinguished 
by the feel when powdering the dried specimen. Fine sand feels gritty 
whereas a typical silt has the smooth feel of flour.
T o u g lu ttu  (Consistency near plastic limit):
After removing particle* larger than the N o. 40 sieve size, a specimen o f 
soil about one-half inch cube in sue, is moulded to the consistency of 
putty. If  too dry, water must be added and if sticky, the specimen 
should be spread out in a thin layer and allowed to lose some moisture 
by evaporation. Then the specimen is roiled out by hand on a smooth 
surface or between the palms into a thread about one-eight inch in 
diameter. The thread is then folded and re-rolled repeatedly. During 
this manipulation the moisture content is gradually reduced and the 
specimen stiffens, finally lose* its plasticity, and crumbles when the 
plastic limit is reached.
After the thread crumbles, the pieces should be lumped together and a 
slight kneading action continued until the lump crumbles.
The tougher the thread near the plaatic limit and the stiffer the lump when 
it finally crumbles, the more potent is the colloidal clay fraction in the 
soil. Weakness of the thread at the plaatic limit and quick lost of 
coherence of the lump below the plaatic limit indicate either inorganic 
clay o f low plasticity, or materials such as ksolin-type clays and organic 
clays which occur below the A-line.
Highly orggnic clays have a very weak and spongy feel at the plastic limit.
TABLE 24 UNIFIED SOIL CLASSIFICATION 
(from Lambe and Whitman, 1969, 
after Wagner, 1957).
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FIGURE 171 RELATIONSHIP BETWEEN NATURAL VOID RATIOS 
AND MODAL OR SPLIT GRAIN SIZE FOR VARIOUS 
BRENIG GLACIAL MATERIALS
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For material designations A-M refer to full 
gradations shown on Figures 85 and 125 in 
Chapter 11.
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FIGURE 172 RELATIONSHIP BETWEEN SKEWNESS VALUES Sk0 AND
EFFECTIVE SHEAR STRENGTH FOR BRENIG GLACIAL MATERIALS.
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FIGURE 173 RELATIONSHIP OF NATURAL VOID RATIOS AND MOISTURE 
CONTENTS FOR VARIOUS BRENIG MATERIALS.
FIGURE 174 VARIATION OF LIQUID AND PLASTIC LIMIT VALUES 
WITH PERCENTAGE CLAY CONTENT FOR VARIOUS 
BRENIG MATERIALS.
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FIGURE 175 VARIATION OF PEAK FRICTION ANGLES AND NATURAL 
MOISTURE CONTENT WITH PERCENTAGE CLAY CONTENT.
inter-relationships are evident which appear valid only for a limited 
range. However, despite these limitations, such simple relationships 
have formed valuable guidelines for the compilation of an overall 
classification even though the individual relationships are often 
not intrinsically useful by themselves.
One of the major complications of the insitu classification of the 
Brenig materials results from the inherent complexity introduced by 
the heterogeneity of glacial landforms. Frequently, although today's 
visible landforms have resulted generally from the last glacial 
event, they contain material deposited under an earlier, possibly 
different glacial regime that is non-characteristic of that landform. 
Accordingly, classification by landforms, although useful for initial 
assessment purposes, unless followed by detailed subsurface appraisal, 
may be prone to significant errors in interpretation. > The author has 
therefore chosen to explore the potential of classification of the 
materials by their genetic characteristics exemplified by grading 
analyses, sedimentological indices and insitu handling properties.
This can then be combined with an assessment of material mass character 
determined from descriptive and geometric classification of significant 
discontinuities and bedding features to derive parameters of sufficient 
reliability for use in engineering design.
The author's aim throughout the preceding chapters which have discussed 
the geological/glaciological descriptions of the Brenig materials has 
been to place greater weight on the similarities and differences of 
material macro-fabric between various deposits rather than to simply 
label the materials either by their position in the sedimentary 
sequence or by reference to their position within any particular 
geomorphological landform. In this manner it is hoped that much of the 
terminological confusion inherent in glacial geomorphology between 
"process names" and "composition names" can be avoided. Furthermore, 
the author sees one of the most significant advantages of the use 
of a macrofabric description as the basis for classification to be 
that it can be utilized both by geologists and by engineers alike 
with common understanding of what material is described.
It is to be hoped that this will aid the geoteehnical understanding 
of complex deposits as it will remove many of the inherent terminological 
problems that have frequently been experienced by the author while 
working with interdisciplinary teams of engineers and geologists. For 
example, many soils engineers would be completely non-plussed by the 
following glacial geological description referring to a common material 
at Brenig as "parautochthonous7 imbricately bedded, poorly sorted, 
meso-clastic flow till"; conversely many geologists would have 
considerable difficulty communicating with an engineer who had 
described some very soft clayey silt which in exposure exhibited all 
the characteristics of a slurry as a '’metastable silt of extreme 
sensitivity which exhibited marked brittleness in drained shear".
The divergence of approaches is illustrated on Figure 176, the common 
ground being limited only to the gradation. However, both descriptions' 
convey considerable information to those familiar with the terminology, 
but because of the terminology no immediate perception (particularly 
of written material) is gained by either group of the other's significant 
points. In this regard it' is the author's opinion that simplification 
is the only route to further advancement in understanding these 
relatively complex glacial materials. Accordingly, glaciological 
terminology has been reduced to the absolute minimum in the class­
ification descriptions presented on Tables 26 and 27,, while all of 
the engineering characteristics have been graphically or numerically 
presented. This approach it is felt will allow such tables to be 
used by both engineers and geologists as a basis for merging 
research in both disciplines without compromising understanding 
through a fog of terminology.
The individual compilation tables which have been presented in 
Tables 26 and 27 span the entire range of glacial materials identified 
by the author at Brenig. Each material has been defined according to 
macrofabric. The most common mode of origin of the material is given, 
which although useful to geological characterization, may be of 
limited value to the engineer . No attempt is made to assign typical 
landforms to the materials as it is felt that this serves only to 
confuse engineering evaluation of borehole or test pit data. Although
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it should be stressed that definition of lanaform and possible process 
are the only reliable means of extrapolating known data to areas where 
subsurface information is absent, such extrapolation requires detailed 
understanding of the glaciology of the site. The overall classification 
tables should not be construed to represent a substitute for such 
glaciological characterization. Instead they should provide an approach
(i) to quantifiably grouping data from different locations, (ii) to 
understanding the behaviour of individual materials, and (iii) to 
providing a framework for carrying out meaningful glaciological 
extrapolation from point boreholes and test pit data.
The classification tables have been set out with the base descriptive 
data on fabric and material structure alongside a stereonet illustrating 
the typical arrangement of fabric elements important to identification. 
For the tills, such stereonets form an essential adjunct to classif­
ication, the characteristic patterns of clast fabrics shown on the 
nets often providing the only reliable means of differentiating till 
types of similar gradation. For most of the fluvioglacial and glaci­
lacustrine materials, gradation variations are more diagnostic. In 
these cases, where considered relevant, a typical stereonet has been 
presented either illustrating the characteristic interrelationships 
of discontinuities to bedding orientation (e.g. for the glacilacustrine 
rhythmites), or illustrating the relation of pebble imbrication to 
cross faulting in gravel deposits of ice contact origin.
The gradation analyses for each type of identified material are 
presented as envelopes bracketing the range of grading considered by 
the author as representative of that material type. Similarly, the 
engineering characteristics have generally been tabulated as a range 
in order to facilitate the maximum use of the tables for geotechnical 
evaluation purposes. In this respect, the ranges have been quoted 
with the numbers in each column of Tables 26 and 27 representing the 
anticipated parameter values applicable for the extreme bounds of 
each grading envelope shown on the left hand side of the table.
For the purpose of field classification of glacial materials, the 
grain size statistical data from the Brenig deposits, which is
summarized on Tables 26 and 27 and discussed in Chapter 11, can be 
used to erect a broad scale genetic classification chart. The 
chart shown on Figure 177 has been drawn up to allow such a generalized 
classification. It should be noted that the .graph is not limited 
to classification of materials directly from gradations. For 
situations where only field inspection is feasible, the judgement 
of an experienced engineering geologist in assessing the gradation 
of identified deposits can still allow the kurtosis and modal or 
split value to be estimated. However, the author would recommend 
that, where possible, simple gradations should be undertaken and 
supplemented with standard index tests such as Atterberg Limits, 
moisture contents and densities. If such data is available, use of 
the nomogram presented on Figure 178 will allow initial evaluation 
of all basic engineering properties needed for feasibility design 
purposes. •
The curves shown on the nomogram have been developed from consideration 
of all of the plots presented previously in this chapter and in 
Chapter 11 and from the data tabulated throughout the thesis. Such 
curves, plus a knowledge of the material type and kurtosis of for 
example a fluvioglacial or glacilacustrine material, will permit 
initial estimates to be made for most engineering parameters. Caution, 
however, must be exercised in utilizing the graph, particularly in 
estimating parameters for the coarser grained sands and gravels for 
which considerable insitu variations in properties can occur. For 
the tills, again caution is particularly necessary in using the values 
from the graph for the coarse grained, clast-dominated materials.
A major problem which sometimes arises using the nomogram for the tills 
is that of estimating the split size, especially when the grading is 
either very broad or tending towards a water-reworked unimodal curve. 
When such difficulties are encountered the graph can still be used 
if the skewness of the gradation is known or if the percentage clay 
or moisture content of the material can be determined.
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It should be stressed that the use of this chart does not substitute 
for a detailed field investigation, which must include a thorough 
glaciological evaluation of the controlling processes that have given 
rise to the deposits. This chart and that on Figure 177 merely provide 
rational starting points for undertaking preliminary design appraisal 
of proposed engineering works in areas of glacial terrain.
CHAPTER 14
SUMMARY AND CONCLUSIONS
An overall understanding of the interrelationships, disposition and 
engineering behaviour of glacial deposits can be gained from careful 
classification of such materials on the basis of their inferred 
glaciological mode of origin. •
The detailed site investigations carried out by the author during 
the construction of the Brenig dam have provided a unique opportunity 
to undertake such a classification. An almost complete suite of 
Pleistocene glacial deposits has been examined and characterized.
The results from the laboratory testing carried out during the site 
investigations over the period from 1949 to 1975 have been utilized 
to provide the basic numerical values for the various component 
engineering parameters incorporated in the classification. Data from . 
insitu tests and the results of comprehensive back-analyses of recent 
and ancient slope failures have been incorporated in the study to 
extend the range of applicability of the proposed classification.
The detailed appreciation of the variability and characteristics of 
the deposits that the author had acquired during the construction 
excavations for the dam foundations at Brenig, has provided the basis 
on which the classification charts and tables presented in Chapter 13 
have been formulated.
Crucial to this understanding has been the author's rationalization of 
techniques of terrain analysis that can be applied both for. discerning 
glacial landform characteristics and for assessing the broad scale
geotechnical variability inherent in different materials in a glacial 
environment. The approach used in evaluating till fabric and fissure 
trends on the basis of landform characteristics as discussed in 
Chapter 2 presents one example of a direct benefit arising from the 
author's research in aiding the better planning of engineering site 
investigations,
Throughout the characterization of the materials at the site with 
respect to their mode of origin, many mapping techniques commonly 
applied only in rock mechanics work, have been undertaken by the 
author to facilitate quantification of fabric properties. The 
techniques of fabric and fracture mapping discussed in Chapter 4 
have been used as an extension of the more descriptive glaciological 
methods to allow correlation of properties between materials 
identified in different boreholes and trenches across the site.
Although many of the techniques that have been used by the author 
are commonplace in rock mechanics work and in research work on modern 
glacial deposits,, they can be considered innovative in the context 
of routine engineering investigations of Pleistocene soils.
The results of the author's research into the fabric and fissure 
characteristics of the Brenig deposits have highlighted some points 
of importance;
• Invariably in the stiff, overconsolidated Brenig tills,
three fissure suites are represented, a low angle wafer-like
o
macrofissility, a general 50-70 steep angle set of shear 
fissures and a subvertical set, possibly of dessication 
origin.
♦. Clast fabric trends and fissure orientations are sympathetic 
and together can exert a significant influence on material 
behaviour. As such fabric data can be utilized to estimate 
material shear strength characteristics and permeability 
anisotropy. .
• In addition to the classically identifiable till types
similar zo those seen from modern glacial environments, at 
Brenig' examples of waterlain paratills occur. Such tills 
are considered by the author to be fairly widespread 
elsewhere, but because of lack of detailed analysis, have 
not been generally recognised.
— These tills tend to be stone free, soft, cyclically 
graded, contain evidence of drop stones and slump 
structures and occur in close affinity with 
glacilacustrine and fluvioglacial deposits.
♦ In combination with engineering index evaluation, data from 
clast fabric measurement of identified melt-out tills can 
be utilized to back-calculate pre-consolidation pressures.
• Flow till deposits' and periglacially disturbed surficial 
materials at Brenig exhibit similar landforms and fabric 
properties. In Pleistocene materials, therefore, careful 
insitu examination of basal zones for slickensided shear 
features is merited in all cases, as such features if
. - present can exert an inordinate control, on the engineering
behaviour of the deposits.
♦ At the interface with highly structured bedrock, tills of 
a unique composition occur. Such deformation tills can 
comprise a block-like pattern of bedrock fragments 
surrounded by a clay-rich matrix. The very evident drag 
folding and associated glacially induced shears in the 
bedrock can be of concern in many aspects of foundation 
grouting. Methods of recognition and classification of 
such tills can be crucial to construction in such materials 
(see Chapter 8).
• The orientation and attitude: of bedrock shears identified
at the site are sympathetic to the fissure and fabric trends 
of the basal lodgement tills. Accordingly, methods of 
landform analysis can provide a useful guide to the 
identification of the shear trends.
The results of the author's research into the applicability of rotary 
and other methods for sampling various glacial deposits have indicated
that although many of the inherent problems of subsurface sampling at 
Brenig are not unique, because of the availability of extensive data, 
some important insights have been gained into the viability and 
performance of several different methods. The salient results of 
the studies are that:
• Most problems arise in sampling discontinuities, be they at 
changes in material character or crossing a discrete 
fissure or joint.
• Various drilling fluids are beneficial to sample recovery. 
The use of water flush is adequate for rotary coring in most 
materials except gravels. Flush pressure is critical to 
good recovery. Mudflush is beneficial in gravels and 
gravelly tills. Airflush should preferably be avoided, as
. above the watertable it dessicates the cored material while
below the watertable it induces significant disturbance. •
• For rotary drilling, the type, length and diameter of the 
core barrels are important to recovered sample quality. As 
large a diameter as possible needs to be used with properly 
selected bits. Recourse to- triple tube equipment seldom 
drammatically improves results over larger diameter
. equipment.
• Conventional U100 and auger type soil samples are considered 
of secondary quality compared with core samples.
• Careful block sampling of insitu materials from trenches 
provides the only reliable method of minimizing sample 
disturbance. Sampling from trench excavations is also 
essential for unravelling complex glaciology, a task 
virtually impossible from boreholes alone,
• No currently available drilling techniques will ensure 
100% recovery through a complete succession of glacial 
deposits. Duplicate and triplicate holes, each with 
overlapping core runs, are necessary to obtain 100% 
information.
• Attention to details of core stub configuration, core 
spring marks and other telltale indicators, is necessary 
in- order to accurately define zones of core loss.
• Collecting large samples for laboratory testing, although 
beneficial to good data acquisition, is not as critical as 
obtaining optimally oriented carefully selected, 
glaciologically representative undisturbed samples.
The author's comparison of the handling properties, textural 
characteristics and site chronology of the Brenig Pleistocene materials 
with those reported from modern arctic and temperate glaciers has 
indicated many broad similarities and highlighted some specific 
differences;
• The Brenig data tends to suggest a multiphase proglacial 
depositional environment in which meltout tills, fluvio­
glacial outwash, glacilacustrine materials, waterlain 
paratills and supraglacial flow tills were all being 
deposited contemporaneously, thereby giving rise to a 
complex interdigitation of deposit types.
» The tripartate sequence of basal tills, middle sands and 
upper tills found at Brenig and. summarized on Table 12 in 
Chapter 10 are typical, of similar sequences observed from 
both Pleistocene and modern glacial areas. As such the 
till/meltwater phases could have originated from one 
glacial source.. .
• Complex lateral variation occurs in the Brenig deposits,
so much so that any assumptions of horizontal stratigraphic. 
continuity must be considered erroneous in glacial terrain. 
Rather, the ice flow and drainage trends control the ,
disposition of deposits.
• Ice contact features are characterized at Brenig by hummocky 
topography generally in areas of arcuate ridges and hollows 
perpendicular to the location of the ice front.
- In these areas the deposits are faulted and
disturbed.* Gravel deposits exhibit marked clast 
imbrication and upward coarsening sequences which 
together with the considerable- gradation varia­
tion all indicate rapidly changing flow velocities 
and depositional conditions.
- geoteehnical material property variations in 
ice-contact areas are impossible to predict from 
boreholes alone. Field trenching is essential.
Glacilacustrine and fluvioglacial outwash deposits frequently 
exhibit rhythmically bedded sequences from sand:gravel 
couplets to silticlay couplets.
- Thin inclusions (0.1-lm) of bedded materials
are found.at Brenig throughout waterlain paratills 
and also between individual flow tills in 
. multiple flow sequences.
- Thicker deposits (6-8m+) tend to be of more 
uniform composition associated with meltwater
^  channels or delta fans or with glacial lake bed
locations. Distribution of such deposits is 
often of significant lateral extent. .
A diagnostic glaciological indicator of geoteehnical 
significance is the presence of vertical dessication fissures 
as these are indicative of weathered materials which 
differ in material properties from the same materials in 
an unweathered state.
- The absence of such features in tills at depth 
at Brenig is indicative of no major subaerial 
exposure in the history of the deposits.
The author's research into the variation of the geoteehnical properties 
of the Brenig glacial deposits, classified in terms of inferred 
glaciological process type has concentrated on study of extensive 
laboratory test data and on the results from a series of back-analyses 
of natural slope conditions in the area of the dam site.
The results of these studies strongly indicate that at Brenig 
discontinuities inherent in the deposits completely dominate the 
behaviour of the materials insitu. However, glaciological 
characterization of the Brenig materials on the basis of geoteehnical 
parameters derived from the extensive laboratory test data has high­
lighted several important test procedures as indicators for assigning
512.
process type: •
• Grading analyses provide a diagnostic classification test 
for distinguishing various deposit types.
- Bimodality is characteristic of basal (lodgement) 
tills. Such bimodality can be categorized by 
wide standard deviations (o*>5) and kurtosis 
values <1. The plateau in the grading, defined 
as split size, is an indicator of overall till 
grading, mineralogical composition and till 
genesis.
- Split size and matrix:clast ratios together allow 
categorization of material strength characteristics. 
Tills with matrix:clast ratios in excess of 1.5
and with split sizes of less than 0.5mm tend to 
exhibit matrix dominated shear strength behaviour.
-  Skewness values can be utilized for rapid strength 
characterization.
- Fluvioglacial and glacilacustrine deposits show 
classic unimodal gradings.
- Intermediate deposits (waterlain paratills, flow 
tills and meltout tills dependent on the degree 
of water winnowing) are transitional from bimodal 
to unimodal.
- Modal grain size provides the diagnostic indicator 
of overall material composition of waterlain 
materials.
- Kurtosis values, in conjunction with modal or 
split grain size determinations, allow assessment 
of the degree of water winnowing.
- Most tills exhibit kurtosis values of the order 
of 0.6-0.8. Outwash deposits exhibit values of 
1.1-1.7, with intermediate values evident, for 
the partially water reworked materials.
• Standard index tests (i.e. limits, densities, moisture 
contents and void ratio determinations) plus XRD and SEM 
examination of the materials when coupled with field index 
tests (i.e. pocket penetrometer indentations, core recovery 
percentages and standard penetration values), allow 
variations in the character of the glacial deposits to be
traced and thus aid considerably in glaciological correlation
- Atterberg Limits are dependant on minerology
. of the fine fraction and as such can be related
to clay mineral composition of terminal grain 
sizes of the tills.
- Weathering effects are highlighted by limit and 
moisture content determinations.
- Process characteristics - comminution, meltout, 
flow and subaerial water washing —  are identifiabl 
from void ratio "trends and from comparison of 
natural moisture contents; the comminution tills 
for example,tending to be at or close to optimum 
in their natural state while the meltout and 
waterlain paratills tend to be 2 to 3% wetter than 
optimum.
- Without the use of special additives in the flush
• fluids, core recoveries are essentially controlled
by the cohesiveness of the cored material. 
Percentage recoveries can be directly related to 
percentage of plastic fines.
The author has concentrated attention on the shear strength charac­
teristics of the fissured matrix-dominated tills and on the laminated 
glacilacustrine rhythmites as the most viable means of assessing 
discontinuity control on material properties.
• A generalized empirical failure criterion has been developed 
to allow description of the Mohr envelope defining the 
Hvorslev failure surface as a rational means for grouping 
material strength data for the complex group of materials 
that include overconsolidated soils and soft rocks.
- A yield criterion equation of the form
Ap'
q = is Proposed,
from which 0 1, c ' values can be obtained for 
any specified triaxial stress state from:
w .  . “I ,  V
0 = sin (T|T2T)
and c * = ~  °3( )
where £  = 2A/ ((1+Bp1) ^ -a ) a n d = tan01
• Two distinctly different failure envelopes are deduced: one 
exhibiting the influence of inherent discontinuities and 
one tending to reflect the strength of the material matrix.
- The influence of fissure orientation on fissure 
strength has been evaluated for single and 
multiple fissures.
- Relationships between fissure dip and sample
strength are developed to evaluate shear strength
parameters in terms of effective stress Mohr
circle plots from triaxial or shear box data.
The proposed relationships are:
sin0,sin2o^ ,
^f “ tan ^l+sin0^cos2«u
■ c ' = p,)taniaf
S
where 0 ’ and«6 are the measured effective stress . s s
friction angle and the inclination of the 
discontinuity plane respectively.
- Frequency distributions of fissure fabric trends 
in the tills can thus be used to define optimum 
sampling orientations for testing the required 
facets of the overall material behaviour. It
is not considered necessary to test enormous 
samples.
• Data for the rhythmites and the tills suggests that the 
strength of controlling discontinuities (weak clays in 
the rhythmites and fissures in the tills) is about *
60% of matrix strength.
- The remoulded strengths measured for all such 
materials tend to be higher than for the. same 
sample in an undisturbed state.
’ - Residual strengths on incipient weakness
discontinuities constitute the lowest measured 
strength values.
Research into the consolidation and permeability characteristics of 
the Brenig materials, as well as reinforcing the observation that 
discontinuities in the materials exert considerable control on
material properties, also indicate that subaerial weathering and 
dessication have a marked effect on measured values.
• The presence of fissures in the tills, silty and sandy 
layers in the rhythmically bedded glacilacustrine deposits 
and gravel or sand horizons in ice contact or waterlain 
deposits' dominate permeability characteristics.
- Acceptable agreement between field determined 
hydraulic conductivities, laboratory measured 
void ratios and field determined fissure 
characteristics is possible from utilization 
of parallel plate theory of water flow through 
a cubical set of like fractures. The semi- 
empirical relationship developed by the author 
for field permeability for the Brenig fissured 
tills is:
• K = i(8.48seD *5)3 s o
• where s is fissure spacing (cm) and e iso
laboratory determined void ratio.
• The yellowish coloured tills and glacilacustrine deposits 
exhibit higher permeabilities and lower compressibilities 
than the typical grey coloured materials.
- The presence of sub-vertical discontinuities 
through such weathered materials is considered 
partly responsible,by reducing the highly 
anisotropic consolidation and permeability 
characteristics seen in similar grain size 
material at depth*
The discontinuity controls on material strength properties deduced 
from analysis of the Brenig laboratory data are. exhibited particularly 
clearly from the author's back-analysis of natural and cut slopes 
around the site. Three types of back-analyses have been undertaken 
by the author:
(i) for old large scale rotational failures total stress 
circular arc methods were applied,.
(ii) for first time (and relatively recent) slides effective 
stress circular and non—circular methods were used, and
(iii) for shallow translational/solifluxion type slides an 
effective stress-thaw consolidation approach has been 
adopted.
In carrying out this research numerous back analysis charts were 
developed and methods of stability analyses only normally used in 
rock mechanics applied to evaluate the influence of controlling 
discontinuities. . " .
From this work, several important conclusions arise': ' '
• Frictional strength characteristics for the lower bound 
curve defining the shallowest slopes ca which failure has 
been identified at the site correspond remarkably closely 
with residual strength data for the glacilacustrine materials
• Frictional strength characteristics for the upper bound 
curve similarly show close correlation with laboratory 
values, this time corresponding either to the peak strength 
of the laminae in the glacilacustrine rhythft\ites or to the 
operational (residual) strength of the fissured tills.
• Back analysis of stress conditions along the failure bowl 
of the large scale failure on the main drumlin at the site
• also indicates these same strength values.
• With appropriate coefficient of consolidation, c^, values 
applied to the shallow flow type slides evident around the 
Brenig site, the same strength ranges are back-calculated 
for the insitu materials.
All of these analyses reinforce the field observations that unfavourabl 
oriented discontinuities control the engineering properties of the 
materials insitu. The author's aim in erecting a general 
classification for glacial deposits on the basis of their mode of 
origin has therefore been to aid in evaluating the orientation and 
persistence of such discontinuities by:
. (i) allowing quantifiable grouping of geotechnical data from 
different locations across a site,
(ii) allowing a greater understanding to be gained of the
behaviour of individual material types, and by
(iii) providing the framework for carrying out meaningful
glaciological correlation of subsurface conditions from 
widely spaced site investigation boreholes and test pits.
CHAPTER 15
THE APPLICABILITY OF GLACIQLOGICAL 
PROCESS CLASSIFICATION IN ENGINEERING USE.
One of the major problems that faces the engineer who has to evaluate 
a new site in an area of glacial terrain is that, of unravelling any 
order that exists in the seemingly haphazard, heterogeneous materials 
which lie below the rolling surface topography. Because of this 
problem all too often glacial deposits have been lumped in engineering 
investigations into boulder clays and outwash deposits. Generally 
no attempt has been made to evaluate the horizontal and vertical 
stratigraphy of the deposits and seldom is a detailed terrain 
evaluation of the site undertaken. Despite this, usually because 
critical features tend to be identified during construction few 
reported large scale failures have occured of engineering works in 
areas of glacial terrain. Nevertheless, often considerable extra 
expenditure or construction claims arise as a result of this lack of 
predetermination of site subsurface conditions prior to construction.
The intent of the author in developing the process classification 
discussed in previous chapters and presented in the tables and charts 
in Chapter 13 is that by systemmatically describing borehole cores 
and test pit exposures in engineering geological terms, rapid under­
standing will be gained of the variations and similarities of material 
types present at the site, thereby allowing ready correlation of 
engineering properties from one place to another. It.is to be hoped 
that with such a correlation being undertaken of the deposits, any
discrepancies or anomalies in material properties will be highlighted.
The classification tables and charts however should not be used blindly. 
They should be used either within the broad framework of a glaciologically 
controlled, detailed staged engineering site, investigation where they 
can provide a rational means of correlating field and borehole descrip­
tive data, or they should be restricted to preliminary engineering 
evaluation purposes only. This proviso is made because, although 
the broad concepts inherent in compiling the tables are applicable 
in all relict glaciological environments, some variation in the precise 
numerical values of the engineering parameters given on the tables will 
occur. Such variations will result not only from mineralogical 
differences between the Brenig materials and the materials of other 
areas, but also due to the proximity of the area of interest to an 
ice-shed or to an area where outwash and glacilacustrine deposits 
accumulated.
Valley moraine tills from highland areas located close to an ice-shed, 
for example, may differ mineralogically from typical Brenig tills 
as they can be predominantly clast dominated with a very limited 
matrix percentage especially where the parent bedrock has been comprised 
of hard metamorphic or igneous rocks. Similarly, although the shape of 
the grain size curves for fluvioglacial gravels from most locations 
is similar, some degree of increased clast roundness and fine fraction 
percentage generally is apparent in outwash materials sampled from 
deposits close to the extreme margins of areas of continental 
glaciation when compared with those well within the glaciated area.
These type of differences are most marked when compared directly with 
similarly deposited outwashoccuring, say, marginally to an ice- 
dammed lake in a highland ice-shed area.
Bearing in mind these specific limitations on the universal 
applicability of the numerical values presented in the classification 
tables and charts in Chapter 13, it is considered by the author 
that when undertaking any engineering evaluation in an area of 
glacial terrain, use should be made of the proposed classifications.
If for no other reason than to ensure that no significant parameter
inter-relationships are mis-interpreted, the method should be used 
throughout all phases of investigation, design and construction 
of the proposed facility.
One of the most valuable lessons that arises from the author’s 
detailed work on the glacial deposits at. Brenig is that with a thorough 
understanding of the glaciology and interrelationships of the deposits, 
such as can be gained by careful characterization of the materials, 
considerable additional insight can be gained in interpreting the 
results of all of the routine insitu and laboratory tests undertaken 
during the conventional site investigations.
Had such an understanding been gained earlier in the investigation 
period, it is possible that a more conservative design for the dam 
would have been formulated so as to account for the presence of the 
weak glacilacustrine silty clay rhythmites. Perhaps this would have 
been more cost-effective than undertaking the necessary design 
modifications during the actual construction of the dam. However, it 
seems unlikely that, without the opportunity to examine the large 
scale exposures afforded by construction operations, as detailed an 
understanding of the glaciology would have been possible prior to 
construction.
As a consequence, perhaps the optimum solution at Brenig was, and 
elsewhere should be, that the final engineering construction of the 
structure form the last phase of the site investigation. Unfortunately 
all too often, particularly on small jobs, because of cost considerations 
only one investigation is done, a design is then prepared and the 
structure constructed, frequently without any more than a cursory 
inspection by the foundation engineer, and then probably only during 
actual footing preparations. In glacial terrains such procedures 
can and often do give rise to unexpected results, some of which have 
led to court proceedings.
Based on the author’s involvement at Brenig and elsewhere in 
unravelling various aspects of glacial geology to allow design 
evaluation at fairly late stages of construction, it seems important
to yet again re-iterate the necessity to undertake detailed geological 
appraisal of any site and particularly of a dam site prior to design. 
However, because of the increasing costs involved in investigation, 
and because of the reduced time scales being considered for undertaking 
design and construction of large scale projects, more short cuts are 
taken in investigations today than there should be* Furthermore, 
with the tendency in engineering towards modelling, and simplistic 
quantification of deposits, the divergence of engineering from the 
observational approach of the geologist is more marked today than 
it was nearly a century ago.
The words of Lapworth written seventy years ago sum up the author's 
basic premise regarding detailed glaciological engineering evaluation 
of foundation conditions*
"The site of the reservoir having been determined and the 
approximate position of the dam fixed, a contoured geological 
map of the dam site and the area some distance above and below 
should be prepared. A mere inspection of the surface indications 
and-a note of the geological beds or strata alone are not 
sufficient....The functions of these explorations should be 
not only to enable us to examine the rocks in various' places 
in the area, but to interpret the stratigraphy of the site.....
In the author's opinion no expense should be spared in these 
initial explorations: an expenditure of several thousands of 
pounds is trivial in proportion to the saving that may be 
effected by such means. Every piece of information that can 
be secured before, construction ought to be secured almost 
regardless of cost..... The= explorations should not be restricted 
to the actual centreline, but should be continued, up and down 
the valley for some distance, so as to get the true geological 
structure and nature of the rocks over a considerable area.,... 
glacial beds consist of sheets or masses of clay, gravel, and 
sand, sometimes of enormous thickness, and deposited in a more
or less promiscuous manner over the solid rocks They may
be considered the bug-bear of the water engineer in selecting
a site for a reservoir embankment, for the very simple reason 
that their surface indications are very little guide as to what
may be expected below in the trench excavations In all
cases where glacial deposits are known to cover the solid rocks, 
it becomes imperative to make an exhaustive examination of the 
site not only because of the very uncertain local distrib­
ution of these materials and their irregular thicknesses, but 
because of the very nature of the materials themselves."
(Lapworth, 1911)
This requirement for basic but detailed understanding of the glaciological 
environment at any particular engineering site demands considerable 
cooperation between the geologist and the engineer. It is not sufficient 
as occurs in many cases, for the prime consultant on a project to 
request a "geological report" and a "soils report". Terzaghi in 1950 
in a paper addressing the controlling mechanism governing landslides 
highlighted this problem which unfortunately the author still sees to 
be evident today:
"If a geologist is called upon to report on the degree of 
stability of an existing or a proposed slope, he is likely to 
furnish an adequate account of the geology of the site and of 
the hydrologic conditions. However, his understanding of the 
physical processes, which may impair the stability of the slope, 
is commonly deficient because he has not been trained to think 
in terms of exact physical concepts. This is demonstrated by 
the indiscrimate use of the term ’lubrication* and other 
misnomers. Very few geologists have a clear conception of the 
difference between total and effective pressure, of the effect 
of the pore-water pressure and of surface tension on the 
shearing resistance of sediments, and of the relation between 
stress, strain and time for cohesive soils. Yet an opinion 
concerning the means for increasing the stability of a slope is 
merely guesswork unless it is based on a knowledge of fundamental 
physical relationships, and the guess may be wrong.
A civil engineer, trained in soil mechanics, may have a better
grasp of the physical processes leading to slides. However, he 
may have a very inadequate conception of the geologic structure 
of the ground beneath the slopes, and he may not even suspect 
that the stability of the slope may depend,on the hydrologic 
conditions in a region at a distance of more than a mile from 
the slope.
On account of the wide range of specialized knowledge and 
experience required for judging the stability of slopes, 
important landslide problems call for co-operation between 
geologist and engineer. To get satisfactory results the 
geologist should be familiar with the fundamental principles 
of soil mechanics, and the engineer should know at least the 
elements of physical geology."
(Terzaghi, 1950)
Although many advances have been made through teaching and research in 
engineering geology as a result of its overlap with soil and rock 
mechanics on the one side and with pure geology on the other, there 
still appears to be some gap left in the engineering evaluation of 
particularly complex soils and rocks.
One such area in which the author has noted a need for closer co­
operation and greater understanding across the disciplines is in the 
field of glacial deposits. Some of the divergencies between the 
disciplines were illustrated on Figure 176. The classification set 
out in Chapter 13 has been developed in an attempt to bridge these 
gaps. If the proposed classification method is utilized as part of 
the standard procedure undertaken during all stages of the site 
investigation in glacial terrain, a far greater comprehension will 
be gained which will be of considerable benefit in undertaking the 
required engineering design. The three sections of Table 28 present 
the author's concept of the stages through which such as investigation 
should be taken from feasibility stage through design to ultimate 
construction. The steps outlined indicate the optimum sequence in 
which the author considers it most cost effective to conduct an 
engineering investigation in sufficient depth to design and construct 
a large civil structure such as a dam in an area of complex glacial 
deposits.
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TABLE 28(a) SUGGESTED SEQUENCE OF STUDIES FOR DESIGN AND 
CONSTRUCTION OF CIVIL ENGINEERING STRUCTURES 
• IN GLACIAL TERRAIN.
SHEET 1 of 3 FEASIBILITY STAGE
TABLE 28(b) SUGGESTED SEQUENCE OF STUDIES FOR DESIGN AND 
CONSTRUCTION OF CIVIL ENGINEERING STRUCTURES 
IN GLACIAL TERRAIN.
SHEET 2 of 3 PRELIMINARY DESIGN STAGE
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TABLE 28(c) SUGGESTED SEQUENCE OF STUDIES FOR-DESIGN AND .
CONSTRUCTION OF CIVIL ENGINEERING STRUCTURES 
IN GLACIAL TERRAIN.
SHEET 3 of 3 CONSTRUCTION STAGE
The tasks identified throughout the tables have been divided into 
two streams, one essentially geological in nature and one engineering. 
At each substage in the process of undertaking the work, individual 
tasks overlap and coalesce. It is at these points that the highest 
degree of interaction and cooperation of the disciplines is required.
It is to be hoped that the experience gained at Brenig and documented 
in this thesis, relating in particular to the discovery and investi­
gations necessary to evaluate the significance of the glacilacustrine 
rhythmites, (an experience very similar to that gained at the Mangla 
Project in Pakistan relating to the discovery of shear zones within 
the Siwalik bedrock (Skempton 1968, Fookes 1965)), can provide as 
much incentive for furthering geotechnical understanding of glacial 
environments as the Mangla experience has accomplished for shear 
zones.
In this respect it is well worth re-examining the graphic presentation 
by Fookes (1968) relating the availability of relevant investigation 
data at various stages throughout the construction of the dam at 
Mangla. The diagrammatic plot illustrating the percentage 
acquisition of relevant site investigation data at various stages 
within a project has been reproduced on Figure 179. It seems 
coincidence almost that at Brenig as at Mangla, the critical discoveries 
were not made until construction. Elsewhere such features could be 
missed, perhaps with disastrous consequences*
It is the author's opinion that all geotechnical investigation 
should therefore be aimed at minimizing the risk of such a situation 
arising. To this end, it is to be hoped that with the use of the 
proposed glaciological process classification presented in Chapter 13 
together with good cooperation between engineer and geologist in 
following the suggested steps outlined on Table 28, a rational 
approach can be achieved in carrying out site investigations for 
new engineering works in areas of complex glacial terrain.
FIGURE 179 RELATIONSHIP BETWEEN AVAILABILITY 
OF CRITICAL GEOTECHNICAL DATA TO 
SUCCESSFUL PROJECT COMPLETION 
(after* Fookes, 1968).
Case (1) sufficient information; (2 ) critical information 
discovered during the design stage; (3) critical information discovered during the 
construction stage; (4) critical information not discovered until failure due to geo­
logical causes
Data acquisition at both Brenig and Mangla Dam followed curve (3).
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APPENDIX A
STEREONET REDUCTION COMPUTER PROGRAM AND DATA 
FOR TILL FABRIC AND FISSURE PLOTS
A.I. STEREONET PROGRAM
The program for reduction of fissure and fabric measurements was 
originally written by the author in 1974 in 3asic for use on the 
HP 9821A with the HP 9862A plotter. The principle of the computational 
method follows the hand method of Schmidt contouring of pole density 
data as explained in most standard texts in structural geology (Ref. 
Phillips, 1975). The original program was used to initially reduce 
most of the Brenig field fabric data needed during the engineering 
assessment phase of dam construction. The stereonets included in the 
thesis have been rerun on an updated version of the original program
modified specifically for use on the HP 85.
The code for the program comprises four distinct segments:
(i) Input selection and data ordering;
(ii) Polar or direct plotting of raw field data;
(iii') Contour computation and matrix evaluation-, and 
(iv) Plotting of fully contoured pole density diagrams.
The structure of the re-arranged program has been designed to allow 
up to five distinct sets of data to be plotted separately or as a 
combined plot. This combination plotting is of advantage where 
composite fabric trends across a specific feature such as the main 
ch.920 drumlin differ across the v/idth of the feature but all the data 
is common to the same till sheet.
The nrogram has been written to accept data in dip and dip direction, 
or in dip and strike notation. Automatic titling of the plotted 
stereonet is incorporated for a variety of options, including BEDDING, 
JOINTING, CLEAVAGE, FABRIC,FISSURES etc.,
In the original version, in order to conserve memory space, the program 
was subdivided into four files operated in a chain sequence. In the 
HP 85 version, again because of memory limitations, in order to run 
250 data points for each of five selected zones, extensive use of tape 
storage was found necessary. However, it was found possible to 
restructure the program as one unit separating the various functions 
on a subroutine level.
The program listing following the text of the appendix presents the 
full HP 85 version including facility for combining and plotting up' 
to 250 x 5 data points.
The various operations of the program are outlined adjacent to the 
program listing. Essentially the main section of the program (lines 
10 to 637) handles data input in either form, translates it to dip 
and dip direction, plots the stereonet circle ( subroutine lines 
3345 to 3680), opens addressable type storage (subroutine lines 6200 
to 6320) and stores the data in the appropriate slots on the tape 
(subroutine lines 6500 to 6595).
The code between program lines 639 and 851 undertakes the basic 
plotting procedures, either direct from input or from retrieved data 
from the tapes (subroutine lines 6500 to 6695) and tests the position 
of the plotted pole with respect to a grid laid over the stereonet, 
the points of which are set out such that a circle of a radius fixed 
by the grid point separation,when drawn about each grid point,describes 
an area 1% of that of the entire stereonet.
A scan-of the distance on the reference sphere from the pole position 
to the nearest 9 grid points is computed in program lines 700 to 800 
and compared to the radius of the prescribed 1% area counting circle 
in program lines 4820 et seq., Where the pole falls within a 
particular counting radius, the accumulative point score for that
grid point is advanced by one unit. For plotting purposes, following 
the 1% area criteria, a total of 529 grid points are required within 
the circle area using a counting array of 625 points ( 25 x 25 unit 
plot height and width).
During program operation the full grid of the 25 x 25 matrix is required 
to satisfy the internal computational procedures. However, only the 
register numbers pertaining to grid points falling within the circle 
are eventually used for plotting the contours of the stereonet.
In accordance with the normal procedures used in contouring the . 
stereographic projection, poles which occur within the counting 
circle radius of the edge of the stereonet are accumulated into 
registers on both sides of the. reference projection. In the original 
program for effecting this procedure, two dummy extra rows of grid 
points were placed outside the reference projection circle. On 
completion of data entry and prior to contouring,the scores that 
were accumulated in these grid points were transferred to the 
diametrically opposite grid point locations within the stereonet one 
reference diameter from the register location. In the updated HP 85 
program the diametral transference has been undertaken prior to 
accumulating poles into the storage registers. In program lines 
680 to 682 the position of the pole with respect to the circle is 
checked and if it lies within -/2r of the circle perimeter (where 
r = R/10, and R is the radius of the stereonet plot), then in lines 
820 to 830 the pole is internally flipped for counting onto the 
registers of the opposite side of the stereonet.
Contouring is simply achieved by plotting a dot matrix symbol of a 
specific density at each grid point position for the grid points 
located within the stereonet. The selection of the symbol and 
percentage intervals for plotting of the contour nets was selected 
by the author on the basis of some early routine hand plots of the 
Brenig data. Rarely for the data obtained from either the tills or 
the fluvioglacial deposits was it found that the percentage split 
plotted was inadequate for discerning the required concentrations 
of pole density. Accordingly the plots included in the -thesis have 
been compiled using the sequence: >  20%, 10-20%, 5-10%, 2-5%,
1-2% and less than 1% of the poles falling within a 1% area of the 
stereonet where the pole percentage concentrations have been based 
on the grid point scores normalized by the total number of poles 
plotted.
Hand checks of the accuracy of the plotted contouring with the plots 
produced by the program (lines 855 to 1096) indicate that the program 
produces accurate results but that sometimes under certain situations 
the computer plots appear too geometrical in form as a result of the 
rigid adherence to a grid framework.
Sophisticated smoothing of the contouring can readily be achieved 
by assuming a gaussian, fisher or other bell-shaped distribution to 
pertain at each grid point. However, for most practical purposes, 
provided more than 50 data points are utilized and the physical 
size of the final stereonet plot is not more than 10cm in diameter, 
the plot produced by the program listed is considered sufficiently 
smooth for all practical purposes. ,
549.
HP85 COMPUTER PROGRAM 
FOR PRODUCING STEREONET PLOTS
CODE LISTING
N A M E  T Y P E  B Y T E S  P E C S  F I L E  
S  T  F ‘  L  U  T  P  R  u  b  c  5 6  5  2  1
STORAGE ALLOCATION 
AND TAPE REGISTERS
D f l T P R C D R T R 4 0 s
D I P # 1 O f l T f l 0 2 5 6
7
f l z r c #  i D R T R 1 2 2 5 6 4
0 1 P  #  2 D R T R 3 2 5 6 5
R  Z  M  #  2 O f l T f l i  2 2  5  6 g
0 I P # 3 D R T R
o
2 5 6 C
R Z . M # - 3 O R T f t 1 2 2 5 6 o
0 1  F * # 4 O f l T f l 8
c r  j *
£ . Q 3
R Z M # 4 D R T R X I— 2 5 6 1 0
D I P # 5 O R T  K
o
«_* 2 5 6 1 1
f l Z M # 5 D R T R 1 2 2 5 6 1 2
STEREONET PLOTTING PROGRAM
550.
19 
1 1
12
15
17
IS
28
21
REM SET UP ZONE PLOT ***
SHORT A , B , C , D , H 1 , H 4 , F4 , F6 , FT 
, F 8 , J 1 .* K 1, N / N 1 , N 2 , N 3 , M 1 , P , Q , 
R0 . S .* T 1 , T2 , V7 , 03, 09, W , X , V , Z , 
X 1 , Z 1
K 1 = 9 >2 N 3 = 1 
CLERR S GCLERR 
SHORT R5,85,C5,I,AS 
J 1 = Q 0 Z=0 I? W = 0 e H 2 = 8
=0 e 07=8 a os=0 a 09=8
SHORT M<5> .« R<625>
CUM Q $ C 4 3,RTC4T,B*C323,CSC 32 
SE83
ASSIGNS STORAGE 
FOR PLOTTING
a f ?
O R  H 1 =  H J  I U  -j  
PRINT USING 24 ; Ni S OISP U 
SING 24 ; Nl
I MAGE 4s ■' 4X, “ t X t t t ne***" , ,  4 
X, “ ZONE Ho . “ , OD,
PRINT
IMAGE 32R.• s
OISP “INPUT ZONE DESCRIPTION
-FIRST L
I HE" (2 INPUT 8*
PRINT USING 38 ; B$ @ DISP " 
-SECOND LINE"INPUT C*
PRINT USING 30 ; CT
PRINT
CLEAR*«=> USING 43
4-
y.7
24
30
31
II. FORMATS OUTPUT
36
37 
39'
40
41 
44
100 
1 81 
1 20
1 22
1 30 
3 70
380 
4 20 
421 
4 23 
430
435
436 
440 
450
452
8lig "SIpgEPftfiJING PLOT - RLESIASE WRIT"
N=N1 a GOSUB 6200 
ASSIGN# 10 TO "DATPRCM 
GOSUB 33-
III. TRANSFERS CONTROL
CREATES DATA STORAGE- 
ARRAYS 
PLOTS STEREONET
DIRECTION* 
STRIKE =
or USING 120 
OISP USING 122
IMAGE 2-“, u $ T t REQUIRED STER
EG NET PLOT ***%✓,» ENTER 1
IF FROM DIRECT DATA”
IMRGE " ENTER 0 IF RS POLES 
TO 0RTfl",2s 
INPUT F7
OISP " ENTER DIP 
0 OR
1 "INPUT F8
M<N1>=8 a R4=0
IF H2=0 THEN R8=8
PRINT USING 481PRINT “ ++++++++++++"
PRINT " DRTfl INPUT'1 
PRINT " “
OISP “DATA INPUT"
IF N2#0 AND Z#0 THEN GOTO 36
RFr ‘
IF R4 = 999 THEN CLERR (5 OISP 
» ***** REPEAT ENTRY ******
IV. DATA INPUT:
CHOICE OF DIP AND DIP 
DIRECTION, OR STRIKE 
AND DIP
(DATA ENTRY FROM 
KEYBOARD).
453 IF fl4#999 THEN M<N1>=M<N1> +1
551.
454 
4 55
4 56
4 58 
460
479
480
481
4ft 2
4 8 5
508
5  0  3
5 0 5
5 6 7
5 0 8
510
520
5 3 0
5 4 0
5 5 0
5 5 5
5  6  0
5 6 1
5  b
5 6 r* 
5 7 0  
6 0 0 
61 0 
6 2 0  
6 2 5
6 3 0
6 3 1
6 3 2  
6  3 3
6 3 5
636
I F  R 4 # 9 9 9  T H E N  C L E A R  S  D I S P  
U S I N G  4 5 6  ;  M <  N 1  >
I M A G E  "  * * * *  D A T A  E N T R Y  N o . ”  
, D D O D , "
I F  F 8  = 1  T H E N  G O T O  5 1 0
IF 04=999 THEN DISP ""
D I S P  "  E N T E R  O I F *  T H E N  D I P  0 1  
R  E  C  T  I  0  N  R  E  S  p  E  C  T I  V  E  L  Y  ”
D I S P  "  N E G A T I V E  D I P  C A L L S  
C  0  N  T  0 U R  S  U  8  R  0 U T I N E "
I N P U T  B , H P  I F  B < 8  T H E N  P R I N T  
U S I N G  4 3 1  @  G R A P H  S  C O P Y  
I M A G E  2 x -
I F  8 < 0  T H E N  N l = M c ; N l  > - 1  S  G C L  
E A R  @  P R I N T #  1 0 ,  H I  ;  M l  6  G O  
TO 8 6 0  
I M A G E  7 s
I M A G E  O D D  .  D ,  S X ,  D O D  .  D
D I S P  "  C O R R E C T ?  Y E S - I N P U T
0  N O  - E N T
gjb 9 9 9  u
I N P U T  A 4 @  I F  A 4 = 9 9 9  T H E N  O I S  
P  " E R R O R  I N  L A S T  E N T R Y ”
I F  A 4 = 9 9 9  T H E N  G O T O  4 5 0  
G O T O  6 3 1  
CLEAR
IVA. DIP AND DIP DIRECTION 
INPUT
D I S P  ”  E N T E R  S T R I K E *  -  H E G  
A T I  V E  D I P ”
D I S P  "  V A L U E  C A L L S  C O N T O U R  S  
U B R O U T I H E "
I N P U T  A
I F  A > 1 8 0  T H E N  A = A - i 8 8  
D I S P  " E N T E R  D I P , Q U A D R A N T ”  
D I S P  “ I F  D I P  N  E  S  W ,  I N P U T  
I S  1 2 3 4  R E S P E C T I V E L Y ”  
I N P U T  B , 0 6  I F  B < 0  T H E N  P R I N T  
U S I N G  4 8 1  e  G R A P H  S  C O P Y  
I F  B < 0  T H E N  M 1 = M < N 1 > - 1  0  G C L  
E R R  8  P R I N T #  1 0 , H I  ;  M l  @  G O  
T  U  o  6  0
D I S P  “ C O R R E C T ?  I F  N O T ,  E N T E R  
9 9 9 "
I N P U T  A 4 S  I F  A 4 = 9 9 9  T H E N  O I S  
P  " E R R O R  I N  L A S T  E N T R Y  "
I F  A 4 # 9 9 9  T H E N  C L E A R  
I F  A 4 = 9 9 9  T H E N  G O T O  4 5 2
IVB. STRIKE AND DIP INPUT
X=A — 90 Q IF  0—3 lHEN X—9@+A 
I F  f i < = 9 0  A N D  0 = 2  T H E N  X = 9 0 + A -  
I F  f i > 9 0  A N D  D = 4  T H E N  X = A + 9 9  
I F  X < 0  T H E N  X = X + 3 6 0  
f l = X  @  ! * * B E A R I N G  O F  D I P * *
IVC. CONVERTS STRIKE TO 
DIP DIRECTION
TTCfiTTR: F“FR IRT "USTNG’ ’485 
A
I F  N 2 = 8  T H E N  P = M < N 1 >  
G O S U B  6 5 8 0
B; V. PRINTS DATA ENTRY 
TRANSFERS CONTROL
 I F  F 7 = 1  T H E N  8  =  9 0 - 8  S  f l = R + 1 8  
0
6 3 7  I F  F 7 = 1  A N D  A > 3 6 0  T H E N  A = A - 3  
60
VI. ENSURES POINTS ARE 
IN CORRECT QUADRANT
552.
6 3 9 L0 SU8 64 8
6 48 REM YYYPLOT POLE PCS I T I ON YYY
641 fl=R+180 0 IF R>360 THEN fi = fl- 
368
642 21 = SQR<2>Y5.439*31N < B«"2 >
658 X = Z 1 Y SIN \ fi ) *5 Y—Z1 Y C 0 S »•' R J fi
fll=fl
668 PLOT X + . 3, Y '5 PENUP 
b'ftfl
631
632 
635
'00
VII. COMPUTES POLE 
COORDINATES AND 
PLOTS POLE
7 1 8
T1=5.439-5QR<2 ?Y .5493 
T 2=S Q R <X ^2 + Y*2 >
IF T2>T1 THEM F6 = i ELSE F6=8 
R0=R0+1 
X=X+6 S Y — Y+6
fl =I NT<X s .5+.5 > 0 8=IHT < YV .5+ 
5')
728 s=i a L0 T 0 4y 20
750 fl=fi+l a 3=2 a GOTO 4828760 B=B + 1 t 3=3 a GOTO 4829
770 fi=R— 1 a S=4 a GOTO 4828771 fl = R-1 a 8 = 5 a GOTO 4828
773 B = B-1 e 8=6 a GOTO 48287 75 B=B-1 a S=7 a GOTO 4828
r f r R = R+1 a _ o■a GOTO 4828
779 R=R + 1 9 3=9 a GOTO 4820
VIII.DETERMINES IF 
POLE IS WITHIN 
J? OF CIRCLE 
CHANCES ORIGIN
38 8 894 
305 
896
3 8 3  
3 1 8
3 1 5
320 
325 y 30
8 5 0
851 
855 
860 
862 363 
8 6 8
IF H2=8 THEM V7*V7+1
IF V7=l THEN DISP USING 481
IF V7=l THEN DISP "STORING P
OINT DRTR - PLERSE WRIT” S D
ISP USING 433
IF V7=2 THEN V7=0
IF N2=8 RNO F6=0 THEN GOTi 4
50
IF N2#8 RND Z#8 AND F6=0 THE 
N GOTO 458___________________
IX. SCANS NODES
ADJACENT TO POLE 
TO ASSESS 
CONTOURING 
(TRANSFERS CONTROL)
XI. PROGRAM CONTROL
X= C2Y5.499-Z1>Y3IN<fi1 +180> 
Y=<2*5.499-Z1>YCOS < R1 +188 > 
F6=8 a GOTO 708 
IF Z=1 THEN GOTO 3805
R E T U R N _________________
REM YYCONTOURINGYY
PRINT USING 481 
W=5 ® GOTO 3350 
SCRLE -.3,15.72,8, 12 
XI=625 e fl=-1 fi B=8 a 
GOSUB 988
GOTO 1128_____________
XII. COMPUTES COORDINS, 
OF OPPOSITE POLE 
IF WITHIN J? OF 
CIRCLE
F4= 1
8
978___
988 REM 
990 C=0
1 8 8 0 fl=fi+ 1 a
a r =@
1010 C=fl+25*B+i
1011 IF 0 X 1  THEN GOTO 1110 
1812 IF 8=8 OR B=24 THEN GOTO
YSCfiN OF NODES*
IF fl>24 THEN B=B + 1
1014
1 0 1 6
08 
IF 
00 
IF 
2 >;
fi=8 OR R=24
10
THEN GOTO 10
SQR C <! RY . 5 — 6 ?■> ■■*•2+ ( B Y . 5—6 j A 
1.021*5.499 THEN GOTO 18
XIII.ASSIGNS ORIGIN 
FOR STEREONET 
PLOTS NET 
^  TRANSFERS CONTROL 
XIIIA.SCANS NODES FOR 
COUNTING
IF NODE IS . 
OUTSIDE CIRCLE, 
MOVE TO NEXT LINE
1080
1988
10 96
1 992
1094
1096
1 0 6 0
1100 
11 1 0  
1 115 
1 120 
1135 
1 1 36 
1137 
1 2 0 0  
1285 
1 2 1 8
1 500 
1550
1554
1555
1556 
1 560
1578
1580
1582
1583 
1585 
1588 
1590 
2006 
2 2 0 0
IF F4=l THEN Z=RCC) G GOTO 
1080
IF Z>.01*R8 THEN PLOT A*. 5, 
B*.5 G PENUP 
fi*=CHR$<31 >
IF Z>.82*R0 THEN PLOT R*.5- 
. 0?,B*.5-.07 6 PLOT RS.5+.0 
7,B*.5+.87 G PENUP 
IF Z>.05*R0 THEN PLOT A*.5- 
.0?,B*.5+.07 G PLOT A*.5+.8 
7,B*.5-.07 0 PENUP 
IF Z> . i JfcRS THEN MOVE fi* . 5- . 
1,B*.5— .28 6 LABEL "t “
IF Z>.2TR0 THEN MOVE A*.5-.
l,B*.5-.28 e LfiBEL fl$ G LAB
EL G LfiBEL
GOTO 1000
RETURN
RETURN
XIIIB.LABELS SYMBOLS FOR 
LEGEND
**** TERMINfiTE 
1 137
"REH 
C O P Y
PRINT USING 
IMAGE 6/
IF N2=0 THEN 
IF N2=0 
IF N2=0 
*
CLEAR @
THEN
THEN
GO SUB 
K l = 8  ASSIGN#
6488 
10
XIV. COMPLETE PLOTTING 
OF ONE DATA SET 
TRANSFERS CONTROL
TO
DISP USING 481
DISP " NEXT INDIVIDUAL ZONE 
PLOT ?**
BEEP 58,180 
BEEP 480,5©
BEEP 100,166
DISP " YES - ENTER 1
NO - ENTER
0"
INPUT 0
IF 0=© THEN GOTO 2000 
IF N2#0 THEN Kl=l G N2=0 G 
G O T O  8 0 8 9
IF Kl=l THEN GOTO 8086 
CLEAR 0 GCLEAR 
Jl=© G W=8 
NEXT Ml
CLEAR G GCLEAR 
DISP USING 481 
DISP_ . END OF PLOTTING1 -
XV. PROGRAM CONTROL 
FOR COMPLETION 
OF PLOTTING
o O S S GOTO 2301
2380 CLEAR XVI. RECALL OF DATA2381 DISP
FROM TAPE2408 DISP "IF REQUIRE TO RECALL
RNY ZONE OR" STORAGE2481 DISP " COMBINATION FOR PLOTS" OF ZONES
2402 DISP "SPECIFY # OF 
E REQUIRED?" 1st. ZON
2403 Z=0 G R8=0 G V7=8 6 CO II ©
2464 F8=0 G A4=0 G V9-0
2405 DISP " .... ENTERE REQUIRED" 0 IF NON XVII. COMPLETE ALL PLOTTING
2406 INPUT N2 END PLOTTING
2 497 IF N2 = 6 THEN GOTO 3300_____________________________
2408 DlSP " " £ DISP " *'* TYPE 0
F PLOT REQUIRED -ENTE XVIII.PLOTTING FROM TAPER 0 FOR POLE PLOT”
24U9 DISP "-ENTER 1 FOR PLOT OF 
DIRECT ORTA" £ INPUT F7 
2418 ASSIGN# 10 TO "DRTPAC “ @ RE 
HD# 10,N 2 j M<H2>
2411 Jl=9 £ W=0
2412 IF Z#Q THEN GOTO 2459_______________________________
2415 CLEAR @ GCLEfiR '"^ 416 El ISP US I NT 4P1
2417 DISP PREPARING PLOT - PL XIX. DRAWING STEREONET 
EASE WAIT”
2450 REM **PLQT RETRIEVED DATA**2456 GOSUB 3345 . '
2459 CLEAR ~ ‘
2460 PRINT
2478 PRINT " RETRIEVED DATA n2486 PRINT USING 2498 ; N2 XX. DATA RETRIEVAL
2498 IMAGE " FOR ZONE #".DD2500 PRINT
2595 DISP USING 2510 
2516 IMAGE 3--, "
RETRIEVING DfiTH - PLEASE WAIT"
2512 DISP USING 2513 M<N2
2513 IMAGE 2 s ,” TOTAL Ho OF DAT
A POINTS TO BE PLOTTED FR 
UM THIS ZONE =",DDDDD2515 WAIT 3800
2600 REM ***COPY FROM TAPE***2650 N=N2
2708 GOSUB 62 88
2860 FOR P=1 TO M<N2>
2828 Z=1 6 V9=8 
2990 GOTO 6600 
2950 PRINT USING 485 B, A 
2966 IMAGE ,2X,”DATA RETRIEVAL
CONTI HU I NG”, s , 2>i, “# OF pH I 
NTS PLOTTED =",DDDD,3s
2961 IMAGE S X,"PLEASE WAIT” •
2962 IMAGE 2 s , 2X, "DATA RETRIEVAL
- COMPLETED",2,2X,"# OF PO -INTS PLOTTED =",DDDDD,3s 
2990 IP F7=l THEN B=90—B § A=A+18© *
2992 IF F7=l AND fi>360 THEN A=A- 360
3000 GOTO 640________________________________________ |_____
3865 GRAPH XIIA. COMPLETE PLOTTING3108 NEXT P
3165 GOSUB 6406___________________  TRANSFER CONTROL
3208 DISP " ANY MORE ZONES “ \ ________________ ______
3202 DISP " FOR RECALL?" ~ . “ ...
3285 BEEP 38,600 XIIB. COMBINATION PLOTS•i206 BEEP 80, 108
3207 BEEP 25,800 IF REQUIRED
3216 DISP " YES - INPUT 1”
55&.
: 2 2 8 
! 225 
'2 38
3 2 4 8
3245
3250
3 3 0 8
3301
3302 
3383 
3394 
3345 
334S
3349
3350 
3360 3370 
3380
DISP “ NO - INPUT 0"
INPUT Z
IF Z=8 THEN PRINT USING 481 
fi GRfiPH 8 COPY e l c l e r r 5 GOTO 868
IF Z#0 THEN DISP "
SPECIFY # OF NEW ZONE"
ASSIGN# 10 TO t 
G 0 TO 24 85_________________________
XIIB. PROGRAM CONTROL 
FOR NEXT ZONE 
PLOT OR TO 
COMPLETE ALL 
PLOTTING
IF Z#0 AND N2=0 THEN PRINT 
USING 481 S GRfiPH fi COPY 8 
GCLERR fi Z“0 i? N2=5 fi G0T0 
8 6 0 
CLEAR 
DISP ""
DISP “ END OF PROGRflM“STOP
XVIIA. COMPLETE ALL 
PLOTTING
R E M * * D R A W  S T E R E 0 NET* * * 
FOR 1 = 1 TO 625 fi R'CI>=@ 
NEXT I
SCA L E —6,10.02,-6,6
11 IB. SETS SCALE FOR PLOT
MOVE .15,5.6 fi LABEL "N" 
OEG
PLOT .3,5.4 fi PLOT .3,5.65 
fi PENUP
me. PLOTS NORTH POINT
FOR C5=8 TO 360 STEP 12 
R5=€0S<C5> *5.499+.3 . HID. PLOTS CIRCLE
B5=SIN<C5}T5.499 
PLOT R5,B5 
NEXT C5
3 3 98 
3 4 00 
3410 
3429 
3 430
3440 MOVE .3..-.87 ® PLOT .3,-.07 
fi PLuT .3.' .86 fi MOVE .23,0 
fi PLOT .23.. 9 fi PLOT’ .37,0 
fi PENUP . •
3445 IF J1 —8 THEN GOTO 3538 
3458 MOVE 6.8,3 fi PLOT 6.8,3 fi P 
LOT 6.8,-3 fi PLOT 8,-3 fi PL 
OT 8,3 fi PLOT 6.8,3 fi PENUP 
3468 FOR 1=2 TO -2 STEP -1 
3478 MOVE 6.8,1 fi PLOT 6.8,1 fi P 
LOT 8,13480 NEXT I______________________
3485 
3490 
3 492
3 5 8 8
35053519
3515
3 5 2 0
3525
3 5 3 0
fi$=CHR$<31> 
MOVE 8.2,2.2 
MOVE 7.25,2. fi LABEL fi$ fi 
MOVE 8.2,1.2 
MOVE 7.25,1. 
MOVE 8.2,.2 
MOVE 7.33,.2 
0 PLOT 7.47 
3,.34 fi PLOT 
T 7.47,.2 
MOVE 8.2,-.8 
MOVE 7.33,-. 
.8 fi PLOT 7. 
MOVE 8.2,-1. 
MOVE 7.4,-1.
. 6
fi LABEL ">28" 
89 fi LABEL "S" LABEL
fi LABEL “>10“ 
89 fi LABEL 
fi LABEL “> 5" 
fi PLOT 7.33,.2 
,.34 fi MOVE 7.3 
7.33,.34 fi PLO
fi LABEL "> 2"
7 fi PLOT 7.33,­
47,-.63
8 fi LABEL "> 1 “ 
6 fi PLOT 7.4,-1
HIE. DRAWS LEGEND AND 
LETTERS THE LABELS
3538 CLEAR5 559 niSF USING 481_______________
354 0 DI S P " I N P U T -J 0 B M U PI 8bK " m B 
EEP 30.• 60 8 BEEP 120.-139 8 
INPUT 0*
355Q NOME 2 . 7 5 .• 5 . 5 0 LABtL “.Job 
Ho"3560 MOVE 6. 05.-5. 5 8 LABEL 0#
3565 IF J1=Q THEN GOTO 3588 
3570 MOVE 6,3.5 6 LABEL "55 area'1 
3580 MOVE 6, -4 . 2 ® LABEL 1 Low 
er " 8 MOVE 4,-5 0 LABEL “ 
Hemisphere "
3590 MOVE 2,-5. 9 0 LABEL “ E-.ual
Area Plot"
3591 IF J1—9 THEN GOTO 3690
3 5 9 2  Q-$=VRL$CR8>
3 5 9 3 MOVE -5.6,-5 8 LABEL
3594 IF F7-1 THEN MOVE -5.6,-5.9
8 LABEL “Points1*
3595 IF F7#l THEN MOVE -5.6,-5.9
8 L&BEL “Poles"
3609 0 ISP CLEfiVAGE=l,8EDDING—2 , JO INTI MG=3.« F IS S U R E S=4 , FflBR 
IP = 5 11
3618 DISP “ENTER TITLE NO" 8 INP 
IJT A6 
3620 MOVE 4,4.53630 IF R6=l THEN LABEL “SsCLEAV 
RGE£$"3635 IF AS=2 THEN LABEL "**BEDOI 
N G S -fc “3640 IF R6=3 THEN LABEL n *£ JO I NT 
ING**"3645 IF 06=4 THEN LABEL "**FISSU 
RES$# "3650 IF"A6=5 THEN LABEL “ $$FRBR 
IC**M 3652 WAIT 588 3666 IF W=5 THEN GOTO 868 
36A0 RETURN
4ft28 REM TESTS NODb-POLE SbPARH r 
ION4822 IF A<1 OR fl>25 THEN GOTO 48 
50
4824 IF B<0 OR B>24 THEN GOTO 48 
56
4825 C=fl+25*B+14830 IF C<1 THEN GOTO 4841 
4849' IF <X-A*.5><h2+<Y-B*.5>a2<=1 
THEN R<C> =R< 0  + 1 
4841 IF N2=0 THEN M<N2>=8
4846 IF S=6 AND N2#8 ANO M<N2>=R 
0 THEN CLEAR 8 DISP USING 2 
962 .: R8 @ V8=14847 IF V9#6 AND S=6 AND N2#6 AN 
D M<N2>#R8 THEN CLEAR © DIS 
P USING 2960 ; R0 8 V8=l 8 
V9=S4848 IF VS-1 AND rt<N2)#R0 THEN D 
ISP USING 2961
IIIF. LABELS STEREONET 
TITLES
IXA. CHECKS IF POLE IS 
CLOSER THAN J? TO 
CIRCLE: COMPUTES 
COORDINATES OF 
OPPOSITE POLE
IXB. ADDS POLES TO 
COUNTING NODES
4849 V 8 =0
4. ft 5 0 IF 3 = 1 THEN GOTO 750
4355 IF = THEN GOTO 760
4 8 6 0 IF 3=3 THEN GOTO 7704865 IF S=4 THEN GOTO 771
4870 IF 3 = 5 THEN GOTO 773
4875 IF 3=6 THEN GOTO 775
4880 IF 3 = 7 THEN GOTO 777
4885 IF 3=8 THEN GOTO 779
48 86 IF 3=9 THEN GOTO 8806600 REM ***DRTfl STORAGE***
6005 CREATE "DATPRC",5,40 
6018 FOR N=1 TO 5 
6028 IF H=1 THEN 
258/ S 
6930 IF N =1 THEN 
250.. 12 
604© IF N=2 THEN 
258.- 8 
6858 IF N=2 THEN 
258, 12 
6060 IF N=3 THEN '”'58 . 9 
6870 IF~ N = 3‘ THEN 
258, 12 
6080 IF N=4 THEN 
250, 8 
6890 IF N=4 THEN 
258, 12 
6180 IF N=5 THEN 
258, 8 
6118 IF N = 5 THEN 
258, 12 
6115 NEXT N
6120 R E T U R N ______________
6288 REM ***ASSIGN STORAGES* 
6218 IF N=1 
IP#1 "
6220 IF N = 1 
Z M # 1 11 
6230 IF N=2 
I P # 2 "
6240 IF N=2 
, Z M # 2 "
6258 IF N = 3 
I P#3 "
6268 IF N=3 
ZM#3 "
6278 IF N=4 
IP# 4“
6288 IF N=4 
ZM#4 "
6290 IF N=5 
IP #5"
6380 IF N=5 
ZM#5“
6328 RETURN_____________________
6408 REM ***CLOSE FILES***
6405 IF N=1 THEN ASSIGN# 1 TO * 
@ ASSIGN# 6 TO *
IXB. CONTINUED
IA. SUBROUTINE TO 
CREATE DATA 
STORAGE ON TAPE 
CASSETTE
111A. SUBROUTINE TO 
ASSIGN NAME TO 
DATA SPACES 
CREATED ON TAPE 
CASSETTE
XIVA.
CREATE
CREATE
CREATE
CREATE
CREATE
CREATE
CREATE
CREATE
CREATE
CREATE
"DIP#!11, 
"AZM#1", 
" 0 1 P # 2 " , 
" AZM#2 '*, 
" 0 1 P # 3 11, 
"RZM#3“, 
' D IP#4 ", 
a AZM#4‘*, 
" 0 I P#5**, 
" A Z M # 5 “ ,
THEN ASSIGN# 1 TO “D
THEN ASSIGN# 6 TO “A
THEN ASSIGN# TO “D
THEN ASSIGN# r TO "A
THEN ASSIGN# 3 TO “D
THEN ASSIGN# o TO “A
THEN ASSIGN# 4 TO 11D
THEN ASSIGN# 3 TO * A
THEN ASSIGN# 5 TO " D
THEN ASSIGN# 1 TO "A
558.
6410 IF N=2 THEN ASSIGN# TO *
a ASSIGN# 7 TO *
6428 IF N=3 THEN ASSIGN# ”7 TO *a ASSIGN# 8 TO *
6430 IF N=4 THEN ASSIGN# 4 TO *
a ASSIGN# 9 TO *
6448 IF N=5 THEN ASSIGN# 5 TO £
a ASSIGN# 1 TO *
<5458 RETURN
6588 RFH *** ST ORE OhTk*** “ 
6518 IF Hl = l THEN PRINT# 1,P .; B 
8 PRINT# 6,P ; fi 
6528 IF N1=2 THEN PRINT# 2,P ; B 
a PRINT# 7 j P ; fi 
6538 IF HI-3 THEN PRINT# 3,P B 
8 PRINT# 8,P ; fi 
6548 IF Ni=4 THEN PRINT# 4,P B 
i2 PRINT# 9 1P j fi 
6558 IF HI =5 THEN PRINT# 5,P .; B
6595
8 PRINT# 1 
RETURN
. P .; A
6688 REM ***RETF? ItVh UH I
6618 IF N=1 THEN READ# 1, P ; saREAD# 6.« P .: A
6620 IF N=2 THEN REHD# 2,P ; B8READ# ?,P .; A
6 638 IF N=3 THEN READ# 3,P sa
. READ# S^P ; A
6640 IF N=4 THEN READ# 4, P .; sa
READ# 9 .■ P :• A
6658 IF N=5 THEN READ# 5, P B a
REfiO# 1,P fi 6695 GOTO 2958 
7 9 9 9  GOTO 9809
8@08 “REM ***■ ERROR FTTYR I EUt WWW 
8883 CLEfiR a DISP 
8085 DISP “ TO SAVE DfiTfi ON
TAPE"
8018 DISP " FOR ZONES ALREADY 
INPUT" - 
8825 DISP
8830 DISP " INPUT NEXT ZONE No.
REQUIRED FOR INPUT OF
HEW DfiTfi "
8848 INPUT N3 
8858 DISP
8055 IF N3=0 OR N3>5 THEM DISP " 
** ERROR - ZONE NONEXISTANT 
fi GOTO 3382 
8868 IMAGE "...NOTE-- PROGRAM WIL 
L RE-START WITH NEW ZON
E No.",D0D,2/
8865 DISP USING 8868 ; N3
8878 WAIT 1588 8 CLEfiR 8 GOTO 15
9888 END
XIVA. SUBROUTINE TO
CLOSE ARRAY SPACE 
ON TAPE ON 
COMPLETION OF
V  STORAGE__________
VB. SUBROUTINE TO
PLACE POINT DATA 
IN TAPE ARRAY
XX. DATA RETRIEVAL FROM 
TAPE CASSETTE 
ARRAYS
XVA. OPTION TO RE-ENTER 
DATA OR RE-PLOT ANY 
INDIVIDUAL ZONE
559.
A.2. DATA FOR TILL FABRIC AMD PISSURS PLOTS ’
The procedures used to obtain fissure and clast fabric data were 
described in Chapter 4 of the thesis while in Chapter 8 the results 
of the plotted stereonet data were examined. In this section of the 
Appendix, the raw data input for plo'tting the stereonets included in 
Chapter 8 is presented in sequence of increasing dam chainage for the 
following site locations:
Ch. 440- 35 Clast Fabric
Ch. 470+ 00 Clast Fabric - grey till
Ch. 530+150 Clast Fabric - flow till
Ch. 650+590 Clast Fabric - weakly fissured till
Ch. 655+ 15 Clast Fabric - soft grey till
Ch. 736- 20 Clast Fabric - gravelly meltout till
Ch. 900+ 10 Clast Fabric - fissured till
Ch. 900+ 10 Clast Fabric - tabular, ovoid etc stones
Ch. 920+ 23 Clast Fabric - A-axis measurements
Ch. 925+ 21 Clast Fabric - A-axis measurements
Ch. 950+ 20 Fissure Fabric
Ch.1015- 17 Clast Fabric
Ch. 1015- 20 Fissure Fabric - fissured till
Ch. 1015- 20 Clast Fabric - adjacent to fissure
Ch.1015- 20 Clast Fabric - A-axis measurements
Ch. 1040+ 25 Clast Fabric - ^weathered till
Ch.1040+ 25 Clast Fabric — tabular, ovoid etc stones
CH.440-35 SOUTH SIDE OF FINGER DRAIN 
CLAST FABRIC : BLADE SHAPED CLASTS CONSIDERED OF 
"BEDDING" ORIGIN
(A-AXIS MEASUREMENTS RELATIVE TO TRUE NORTH)
560.
DIP
DIP DIRECTION
3 . 0 2 I 2 8
1 2 .8 ' 286 8
2 8 .y 214 0
19.0 2 0 8 . 0
2 1 . 0  2 0 6 . 0
30.G 2 0 3 . 0
34.9 2 0 2 . 8
4 4 .S 2 0 8 . 0
4 3 .0 2 0 5.0
31.8 198.6
43 .8 2 1 4 . 3
57.8 2 1 5 . 0
68.0 2 1 6 . 0
15.0 2 2 2 . 0
43.8 227 -3
27.0 2 2 5 . 6
30.8 2 18.0
28 0 2 3 1 . 0
3 .8 2 29.8
29.8 215 0
9 .0 195 8
39.0 224 . 0
6 2 .8 2 2 2 . 8
37.0 216 0
CH.470+00 CORE TRENCH 
CLAST FABRIC t GREY TILL
(A-AXIS MEASUREMENTS RELATIVE TO TRUE NORTH)
DIP DIP
DIP DIRECTION DIP DIRECTION
1 0 . 8 2 8 6  0
2  . 0 1 7 2  . 0 2 0 . 0 1 7 3  . 0
1 5  . 0 2 4 3  . 0 1 2 . 0 3 8 3  0
9. 8 2 4 5  . 0 8 . 0 1 3 0 . ©
4 . 0 2 1 3 . 0 1 4 . 0 2 3 4  . 6
y , 0 1 6 4  . 0 1 1 . 0 1 3 5  . 0
1 . 0 2 1 2 . 0 6 . 0 3 3 7 .  0
3 .  0 1 4 3  . 0 6  . 0 2 9 2  . 8
1 6 . 0 1 3 4  . 8 4 . 0 1 2 8  . 8
4 5 .  0 2 7 5  . 0 7 . 0 2 5 ?  . G
5 3 . 0 2 8 1  . 0 7 . 0 1 8 1 .  0
4 1 . 0 vS ** i  . y 4 . 0 2 5 9  . 0
5 5  . 9 6 3 .  0 2  . 0 2 5 7  . 0
2 5  . 0 2 8 3  . 0 7 . 0 2 2 1  . 0
1 0 . 0 2 3 1  . 0 2  . 0 1 5 9  . 0
1 5 . 8 . 2 8 5  . 0 1 7 . 0 1 5 3  . 0
3 8 .  8 1 7 1 . 0 3 .  8 1 5 ?  . 0
2 0  . 0 181 . 0 2 0  . 0 1 5 ?  .©
3 7  . 0 2 8 3 .  8 6  . 0 2 9 1 . 0
1 4 . 0 1 3 3  . 8 2 2 .  8 3 3 4  . 0
1 7 . 8 1 3 8  . 0 5 . 0 2 6  . 0
2 3 .  0 2 8 7  . 0 4 .  0 1 7 6  . 8
2 5 .  8 2 0 0  . 0 2  . 0 2 8 3  . 8
2 3  . 0 1 3 ?  . 6 1 1 . 0 1 7 5  0
2 ?  . 0 2 0 7  . 0 1 0  . 0 2 8 7 .  0
1 6 . 0 2 5 1  . 0 1 . 0 1 76 . 0
2 8  . 0 2 4 3  . 8 7 . 0 2 8 4  . 0
2 2  . 0 2 8 8 . 0 — 12  . 0 1 8 5 . 8
2 6  . 0 2 7 4  . 8 1 6  . 8 2 6 ?  . 0
1 6 . 0 2 7 7  . 0 2 1 . 8 2 6  4 . 0
18 . 0 2 7 3  . 0 8 . 0 2 2 9  0
6 .  8 3 8 0  . 0 1 4 . 0 1 5 1 . 6
1 2  . 0 ? 6  . 0 8  . 8 2 0 2  . 0
2 0  . 0 3 8  . © 5 . 0 1 3 6 .  0
3 0 .  0 1 1 2 . 8 3 . 0 1 8 7  . 0
3 8  . 0i~ : 1 1 7 . © 2 2  . 8 2 8 8  . 6
1 0  . 0 1 1 1 . 0 2 2  . 0 1 8 2  0
1 5 . 0 1 1 5 . 0 6 1 . 8 1 7 2  . 0
1 3 .  0 1 1 3 . 0 5 . 0 2 6 5  . 0
1 6 . 6 1 2 0  . 0 4 . 0 2 8 8  . ©
2 5  . 0 1 2 1 . 8 8 . 0 2 7 3  : 0
2 3  . 0 i  2 6  . 0 2  . 6 2 7 2  . ©
3 3 .  0 1 2 8 .  0 1 1 . 0 2 7 6  . 8
4 . S 8 5  . 0 8 .  8 1 5 0  . 0
1 1 . 0 3 5  . 6 1 5 . 0 1 6 5 .  8
1 0  . 0 1 0 0  . 0 2  . 6 2 4 0  . ©
1 8  . 8 1 1 6 . 0 2 . 0 2 3 4  . 0
2 0  . 0 1 8 8  . 8 8  . 0 2 0 9  . 0
1 6  . 0 1 3 6  . 0 8 . 8 2 0 2 .  8
1 5 . 0 2 0 1  . 6 3 .  0 1 4 3  . 0
1 3 . 0 2 1 5 .  0 3  . 0 1 3 1 .  0
18  . 8 2 1 3 . 0 21  . 8 1 3 7 . 8
1 3 . 8 2 2 1  . 0 8 . 8 3 1 2 . 8
1 0  . 0 2 7 3  . © 3 . 8 3 ©0  . ©
5 . @ 2 7 0 . 0 5 . 0 1 2 0  . 0
1 5 . 0 1 8 3  . © 3 . 0 1 2 8  . 0
2 2  . 0 1 2 1 . 8 6 . 0 . 2 5 . 8
2 5  . 0 1 1 0 .  © 11 . 0 5 2  . 0
1 3 . 0 1 0 3  . 0 48  . 0  
1 . 8
6 5  . 6  
2 8 3  .
561.
CH,530+150 CLAST FABRIC DATA FOR FLOW TILL
(A-AXIS MEASUREMENTS RELATIVE TO TRUE NORTH)
DIP
DIP
DIRECTION DIP
DIP
DIRECTION
3 9 0 2 1 6 0 2 3 0 2 o  2 fit
3 6 0 2 8 8 0 1 5 0 •-* 2 0
6 2 2 6 1 fit 1  1 0 33 fit
3  S 0 2 4 2 fit a 0 1 8 1 0
s 8 2 1 2 f it i  1 0 1 0 5 0
1 V 8 2 8 6 fit f 8 1 1 1 fi t
20 0 ■-* * d.£- X *T fi t 1 3 8 1 1 3 8
1 9 8 2 0 8 fit 6 0 1 1 ? fit
21 0 2 0 6 fit 1 9 8 1 1 9 0
3 8 0 2 0 9 0 3 1 fit 1 2 6 fi t
3 4 0 202 f i t 1 8 0 1 2 3 8
4 4 8 2 8 8 fit .  1 6 0 1 2 7 fi t
4 9 8 2  fi t  5 fit 1 1 fit i  7  -> A •-« c_ fit
3  x 8 1 9 8 8 2 6 0 1  3 4 fit
4 3 fit 2 1 3 fi t 2 4 0 1 3 9 fit
5 7 8 2 1 4 8 3 6 fit 1 5 2 fi t
6 3 fit 2 1 6 f i t
■? i 0 1 10 0
8 7 0 2 4 2 8 5 7 0 1 3 8 fi t
1 5 0 22  i f i t 4 8 fit 1 5 9 0
4 3 0 2 3 fit 4 1 fit 1 6 a fi t
(■’ -0 2 2 5 0 3 5 0 1 7 2 fit
4 8 0 2 •-« w 0 V  "J? 0 1 7  fit 0
2 9 0 2 1 3 0 3 2 8 1 7 6 fit
2 8 £1 2 3 1 0 3 9 '8 i  7 4 0
3 1 0 • 2 2 9 f i t 3 5 0 1 7 4 0
2 9 0 2  3  5 8 6 0 0 1 7 7 fi t
o 0 2 4 5 fit 7  "7 0 1 7  a fit
3  7 0 2 2 8 fit 4 0 0 1 7 6 0
6 9 fit 2 6 4 f i t 3 8 fit 1 8 2 fit
2 4 8 2 6 4 fit • 2 5 8 1 3 6 fi t
1 5 8 2 6 8 f i t 2 9 0 1 3 8 fit
5 0 2 6 9 fit 2 3 8 1 9 8 fi t
1 2 fit 2 7 4 f i t 2 ? 0 1 9 3 8
1 1 fit r’ t ' fit 1 s 8 1 9 5 0
. 3 9 0 V  f* i"' f i t 2 6 8 1 9 4 8
4 0 • 2 3 1 8 C. ( ' 0 1 9 3 fit
2 5 fit * ? P fi t b  y 0 1 9 8 0
1 3 8 2 a  2 fit 3 4 0 1 9  8 ©
4 4 0 2 8 5 f i t 4 1 0 1 9 5 fit
8 2 8 6 0 3 5 9 1 y  6 0
1 8 0 2  s  a fi t 4 1 8 x  a  a 8
0 2 S  5 fit 2i a 0 1  7 8 fi t
s 0 2 9 1 fi t 3 8 0 1 6  6 0
8 2  9  3 fit 2 6 fit 1 6 1 fi t
12 8 2 9 7 fit 3 1 9 1 5 9 0
6 0 2 9 3 fit c rCl  'J fit 1 5 2 fi t
3 5 8 2 9 9 fit 20 8 1 5 8 0
1 1 Q 3 8  1 8 1 6 0 1 4 6 0
V 8 3 8 9 0 2  "7 0 1 4 4 Q
2 4 fit 2 5 5 fit 1 9 fit 1 7 8 0
4 6 8 2 2 1 0
.**, - y
fit i  32 8
4  3 0 2 0 5 0 . 6 0 1 9 6 fi t
"7 0 2 1 1 f i t 1 7 fit 2 8 2 0
4 6 8 2 1 0 0 1 3 0 1 9 8 0
1 3 8 2 8 5 0 1 4 0 1 8 5 0
0 1 9 9 8 1 7 8 1 8 8 fi t
2 5 8 1 9 7 fi t 1 9 0 1 7 1 fit
•-« cr 0 2 8 2 fit 8 8 2 4 fi t
3 1 fit 2 8 4 fit
*7 0 4 5 8
8 w  f* O fit l  i  ‘8 2 6 1 0
o
fit
•t* —  c
I fi t 8 • 2 r’ fit
562.
CH.650+590 . CLAY BORROW AREA 
WEAKLY FISSURED TILL : CLAST FABRIC 
(A-AXIS MEASUREMENTS RELATIVE TO TRUE NORTH) 
DIP
DIP DIRECTIO
s.M- 0 6 . 0
9 6 3  . 0cr © 3  9  . ©
i 3 0 3 5 . 8
3  fc* 0 i  1 8  . ©
o 0 1.26 . 8
o 0 1 3 4 . e
£ 0 0 1 3 1 . 8
1 0 0 1 4 4  . f i
1 5 >3 1 4  ?  . 8
1 3 8 1 5 3  . 6
ill 0 1 5 7  . 0
2 0 0 1 6 2  . ©
3 1 0 1 6  6  . 8
v 8 1 7 4  . 6
•J 0 1 7 6  8
7v 1 9 1 8 1  . ©
2 8 8 1 8 6  0
T 8 2  J?, v (3
C f 0 2 8 3  . 9
4  1 8 2 1  6  . 01
2 5 01 2 1 8 .  8
1 2 0 2 1 3 .  ©
cr 0 2 2 5  . 8
0 2 2 7  . 01
14 0 2 2 3  . 01
1 3 0 2 3 0 1 .  0
5 8 2  3 1  . 0
5 8 8 2 , 3 4  . 8
3 1 9 2 3 2 .  8
i 1A. 4. 8 2 3 4  . 01
2 8 0 2  3 3  . £i
C1 0 2 3 7  . 0i
11 0 2  j S  . 01
•£» I* 0 2 3 3  ! 01
1 3 0 2 4 0  . 01
■7 c 0 2 4  2  . 01
0 2 4 4  . 8
21 H 8 2 4 6  . 0i
iX -I* 8 2 4 8  . 8
4 5 0 2 4 3  8
4 0 0 2 5 1  . ©
77 8 2 5 0  . ©
2 3 0 2 5 5  . 8
8 2 5 8  . @
C* ill 0 2 6 8  . 8
1 5 0 2 6 3  . ©
h Q 2 6 3 .  01
2  3 0 2 6 5  . 0i
'•» il 0 2  7  8  . -0
1 3 0 2 7 4  . ©
5 8 0 2 7 5 .  0
5 8 2 7 9  .01
I S 0 2 3 0  . 01
2  r' 0 2 8 6  . 0f
I S 8 2 8 8  . 8
1 3 8 2 3 8  . 0i
1 4 0 3 0 i2  . 9
2  3 0 3 0 6  . 8
3 5 9 3 1 5 .  9
1 v 0 3 1 8 .  ©
563.
564.
CH.655+15 CORE TRENCH AREA
CLAST FABRIC SOFT GREY TILL .
(A-AXIS MEASUREMENTS RELATIVE TO TRUE NORTH)
DIP DIP
DIP DIRECTION DIP DIRECTIONo 0 2 3 2 .  8 t 2? 8 3 1 3 0
12 0 2 0 6 8 2 5 0 1 91 0
20 0 2 1 4  .0 y% y 0 3 3 6 0
13 9 2 8 8  . 8 5 5 0 3 3  1 0
21. 0 2 0 6  . 0 1*’ w 0 1 4 3 0
3 0 0 2 8 9  . 8 7 5 0 1 6 8 0
3 4 0 2 8 2  . Ei 1 6 0 2 4 3 0
44 0 2 3 8  . 8 2 9 0 1 6 ~i 0.
43 0 2 0 5  . 0 4 1 01 1 4 1 8
31 8 1 3 8  . 8 5 0 0 1 5 0 8
4 3 0 2 1 4 .  e  ^“7 0 3 4 0 8e* *7•J \ @ 2 15 . 0 O 77 0 2 9  7 0
0 6 0 1 7 8  Q 3 0 0 2 6 8 8
C‘ *3 0 1 5 3 .  8 68 8 2 1 6 @
F 1 0 • 3 4 9  . 8 15 0 ■> V 0
4 6 8 3 0 2  . 3 4 3 8 2 2  3 01
5 6 8 3 2 8  . © O *7 8 2 2 5 8
6 f 8 1 2 3 .  8 3 0 8 21  8 Ei
7 0 0 1 5 0  . 0 2 8 0 2 3 1 0
68 0 1 3 8 . 8 3 0 2 2 9 Ei
6 4 0 1 -34 . E1- 2 9 0 2 1 5 0
0 3 4  7 .  Ci . ' 9 0 1 9 5 8
y 0 0 3 5 3  . 0 • .39 8 2 2 4 0
70 0 1 7 6  . 0 6 2 0 222 Ei
6 2 0 1 71 . '?■ 7 *7 Ei 2 1 6 8
4? 0 16 8 . Ei 4 0 6 Q
1 9 8 1 88 . 8 6 0 fe fe* Ei
5 0 9 0 Ei
i 9 0 9 5 k"
. 4i Pi 0 1 1 8 0
r“i 0 1 2 6 0
o 0 1 3 4 8
2 8 0 131 0
1 Q 0 1 4 4 0
- 565.
CH.736-20
CLAST FABRIC : GRAVELLY MELTOUT TILL
(A-AXIS MEASUREMENTS RELATIVE TO TRUE NORTH)
DIP
DIP DIRECTION
2 4  . 8 2 7 0 0
5  . @ "7 0
i 3  . 0 W I O 8
8 . 8 cl. f f* 0
7 . 8 2 81 0
19 .0 2 9 7 0
2 7 . 0 2 9 5 0
6  . 8 •-* i r 0
1 6  . 0 ■7 •” « 0
8  . 0- *"* g 0
1 4 . 8 o 0
3 . 8 IS 0
1 1 . 8 2 2 0
1 4 . 8 2 b 0
3 0 . 0 2.9 0
1 0  . 8 T 1■-> i 0
1 8 . 0 3 1 Ei
6 . 8 3 7 0
2 8 . 8 • ■!' 3 0
1 3 . 8 5 4 0
3  . 8 5 9 0
2 5  . 0 5 8 0
3 8  . 8 5 7 0
i 8 . 8 5 6 0
1 1 . 8 5 9 0
1 2 . 0 7 4 Q
1 1 . 8 91 0
2 1 . 8 1 8 9 0
2 0  . 0 1 3 5 0
2 b . 8 131 ©
4 . 8 1 4 9 0
1 8  . 0 1 5 5 0
5 . 0 161 8
1 1 . 8 1 6 2 0
3 6 . 8 1 6 6 0
' 5 . 8 1 6 9 0
1 1 . 8 1 7 3 8
£ 0  . 0 1 7 9 . £ t
DIP
i!1!
31 0
13 04 0£ 0
13 0
4 0
1 1 8
26 8
12 8
34
16 0
. 4 9
21 8
13 8
19 029 0
16 0
* 6 0
11 0
18 8
25 Ei
7 0
1 1 0
'Zs “? 8
35 8
4 8
1 9 88 0
26 0
12 814 08
l i ft
cr
0
0
i 4 0
13 1 81 6 3 84 O i O “t 0188 01 9 8 Et1 96 02 8 0 Ei2 0 0 Et2 0 3 Et284 0204 02 8 6 02 8 7 028 7 02 0 8 82 10 .02 I 0 Etili 01
215 0216 02 1 7 0218 Et
2 2 £i 02 2 5 02 2 5 02 2 6 0230 92 3 3 02 3 4 8237 02 4 8 0245 0249 0253 Ef257 8259 0262 8
CH.900+10 WEST SIDE OF DRUMLIN
CLAST FABRIC FISSURED TILL
(A-AXIS MEASUREMENTS - RELATIVE TO TRUE NORTH)
566.
DIP DIRECTION
3 . 8 
4 3 8
2 0 1 . 0  
2 0  1 . 0
1 1 . 8 2 0 5  . 0
5 . 8 2 8 9  8
21 . 8 2 1 0 . 0
36  . 0 2 I 8 . 0
1 3 . 8 2 1 2 0
4 7 . 0 2 1 2 8
•5 . & 2 1 5 .  8
S . 8 2 1 6 . 9
1 2 . 0 21 6 . 0
10 .0 2 1 7  . 0
9  8 21  3 . 8
1 6 . 9 2 1 6 .  0
1 2 . 0 2 2 0  0
5 . 8 2 2 2  9
8 . 8 2 2 5  ©
2 0  . 0 £ ? 5  8
4 . 0 2 2 7  . 8
2 1 . 0 2 1 6 .  8
2 7 . 0 2 1 9 .  ©
1 5 . 8 2 2 ?  8
1 1 . 0 2 3 3  . 0
3 . 0 2 3 2  . 8
2 3  8 1 9 7  . ©
26  . 0 2 8 7  . 8
2 9  . 8 2 8 2  . 0
1 4 . 8 2 9 1  . 8
1 6 . 0 2 8 5  . 0
1 9 . 8 2 8 9  . 8
5 . 0 2 4 3  . 0
• 3 . 8 2 4 6 .  8
5 . © 2 5 1  . 8
24  . 8 2 8 5  . 8
4 0 2 8 7  . 0
1 4 . 8 2 8 9  . 8
4 6  . 8 2 9 2  0
27  . 8 2 9 6 .  0
1 4 . 8 3 8 8  . ©
1 9 . 8 2 2 8  8
1 1 . 0 3 4 3  . 0.
1 3 . 0 3 4 8 .  8
P Pi 1 8 3  . 8
3 . .0 2 9 7  . 8
21 . 0 2 0 8  . 0
1 4 . 8 2 0 6  . 8
2 7  . G 1 9 7  . 0
2 3  . 0 2 8 2  . 8
2 4 . P1 2 8 2  . ©
1 3 . 8 2 1 8 .  8
1 5 . 8 213. 0
5 . 8 2 3 8  8
6 6 2 4 1  . 8
1 1 . 0 2 3 5  . 8
DIP
DIP DIRECTION
15.0 5 8
1 2 . Q 21 . 9
1 6 . 8 2 8 0
11.0 32 8
15.8 3 8  . ©
25 . 8 39 . 8
32 . 8 26  0
1 5 . 8 27 . 8
9 . 8 ' 32 . 0
4 . 8 3 7 . 8
12.8 38 . ©
3 8 . 8 39 . 9
28 . 8 48 . ©
5 . 9 48 . 8
23 . 8 44 . 6
13.0 46 . @
5 . G 53 . 8
25 . 8 5 6  . 8
4 3 . 8 57 . 0
8 . 8 6 8 . 8
1 3 . 8 68 . 0
3 . 8 35 . 9
3 ] . 8 37 . 0
4 1. 8 93 8
7 . 0 96 0
37 . 8 188 . 0
5 . 9 119. 0
1S . 9 126 . 8
14.8 134 . 0
4 . 9 137 . 8
6 . 8 14 2. 0
26 8 141 .8
12 8 144 01
5 . 9 15 ? . 0
5 . 8 1 ?£ . 0
1-4 8 1 76 . 8
36 . 0 148 . 0
1 9 . 9 183 . 8
27 . 0 1 84 . 0
56 . 8 1 38 . .8
2 1 . 8 2 98 . ©
11.0 191. 8
2 7 . 9 193 . 0
44 . 8 195 . 0
1 3 . 8 199 . 8
1 9 . 8 199 . 0
567.
CH.900+10
CLAST FABRIC DATA FOR TABULAR, OVOID, DISCOID AND 
RHOMBOID CLASTS
(INFERRED A-AXIS OR A-B PLANE DIP RELATIVE TO TRUE 
NORTH)
DIP
8 5 8
6 1 . 0
5 3  . 8
4 3  . 8
32! 0
4 6  . 0
6 5  . 8
7* 9
6 4 . 8
5 5  . 0
1 3 . 8
2'm 0
s i ; 8
6 5  . 0
3 7  . 0
7 8  . 8
6 7  . 0
I S  . 8
10  . 0
16 . 0
6 5  . 8
5 5  . 0
£ 5  . 0
0
1 4 8
4 3  . 8
te4 . M
9
4 2 8
15  . 0
cr 0
i i : 9
y
2 6  . 8
< o1 o  . 0
£ 4  . 0
13 . 9
4 1  . 8
3 4  . 8
3 5  . ©
8 8  . 0
3 8  . 8
o  - 7k- 1 . 8
2 1  . 0
7 5  . 8
DIP
DIRECTION
v c< *? 8
119 8
£ 9 4 0
£ 5 5 8
£97 ©
3 1 2 0
£58 01
341 8
38 0 0
188 01
1 86 8
95 01
1 0
1 59 8
y 6 ©
l ' 6 0
20 8
£38 0
2 8 9 01
398 8
389 0
341 8
3 8 0 0
3 2 4 8
-.i' 16 01
■—1 ■—1 w 8
8r £ 
188 0
1 18 01
132 01
146 ©
123 01
113 01
1 £ 1 8
£ 8 6 01
8 7 8
29 6 01•*. 8
235 01
34 l 8
01
18 8 0
328 ©
31 6 0
3 1 8 ©
45 0
568.
DIP
DIP DIRECTION
1 0 . 0 3 5 8  . 8
1 5 . 0 6 0
2 7  . 0 3 7  . 0
13  . 0 18  3 8
1 3 . 0 1 3 5  . 0
1 8 . 0 1 3 3  . 0
zs . 0 i 2 8  0
2 . 9 • 1 7 8  . 0
1 1 . 0 1 8 3  . 0
14 0 1 8 5  . 0
? . 0 1 3 8  . 0
13  . 0 21 8 . 0
23 . 0 2 5 3  . 0
2 4  . 0 2 4  i . 9
1 1 . 9 2 3 7  . 8
1 6 . Ei 2 3 3  £i
2 0  . 0 2 4 5  . 0
1 7 . 0 2 3 8  . 0
y . y 2 6 6  . 9
3 0  . 0 3 3 6  . ©
2 7 . 8 3 2 6  . 0
1 2 . 0 3 1 7 . E '
1 4 . 9 3 1 1 . 0
1 1 . 0 2 8 2  . 0
1 6 . 0 2 8 5  . 8
21  . 0 1 7 6 . 0
3 3 . 0 7 8  . 0
1 3 . 8 2 8 tl» 0
7 0 2 6 8  . 0
18  . 0 2 5 7  . 0
S . 0 2 2 5 . 8
1 5  . 0 2 2 8  . 0
2 7 . 0 2 3 1  . 0
1 1 . 0 2 0 5 0
1 7 . 0 2 1 3 .  0
9 . 0 2 2 3  . ©
1 0 . 0 2 2 7  . 0
4 . 0 2 2 6  . 0
26 . © 2 2 4  , ©
3 4  0 2 2 3  . ©
2 3  . 0 2 3 4  . 0
3 1 . 0 2 3 7  ©
16 . 0 8 0 7 .  8
1 6 . 0 2 2 2  . 0
1 8 . 0 2 1 3  0
1 5 . 8 2 1 7 .  0
3 5  . 0 4 5 .  8
3 1 . 0 4 3  . 0
15 . @ 5 3  . 0
1 2 . 0 5 1 . 0
1Q . 0 4 8 . 8
8 . 0 3 4  . 0
1 3 . 8 2 3  . 8
1 4 . 0 4 1 . 0
2 1 . 0 4 6 . 0
A-AXIS MEASUREMENTS TO BLADE AND
ROD SHAPED CLASTS
CH.925+21
CENTRE OF DRUMLIN
A-AXIS MEASUREMENTS TO BLADE AND
ROD SHAPED CLASTS
CH.920+23
CENTRE OF DRUMLIN
569.
CH.950+20 LIMONITE AND ROUGH FISSURES. 
FISSURE PLANE DIPS RELATIVE TO TRUE NORTH.
DIP
DIP
DIRECTION
?? 8 1 2 5  . 8
7 0  . 0 2 8  . 0
65  . 8 2 8  . 0
8 8  . 8 2 3 8  . 8
8 3  . 0 2 3  1 . 0
4 5  . 8 1 1 8 .  0
4 0 . 0 1 1 3 . 8
o y . Ei 1 © 5 . 0
8 2  0 1 0 3  . 0
10  . 8 3 5  . 0
1 5 . 8 2 1 . 8
6* 8 . 8 2 9  0
8 5 . 8 31 . 8
4 5  . 8 18 . ©
8 5 . 8 1 6 5  . 8
8 3  . 8 2 4 8  . 0
8 1 . 8 5 1 . 8
8 4  . 0~». 
8 4  . 8
231  . 8
3 4 6  . 8
8 8  . 8 3 5 1  . 0
4 7  . 8 1 5 3 . 0
4 1 . 8 1 2 3 . 0
4 4  0 3 4  . 0
6 8 . 8 2 5  . ©
6 8  . 0 2 3  . 8
5 9  . 8 1 6 . 9
6 4 . 0 1 3 . 0
5 7  . 8 2 2  . 0
4 6  . 0 2 7 . 8
5 6  . 8 3 0  . 0
7 8  . 8 17 9
1 0 . 0 3 6  . 0
12 . 8 31 . 0
1 4 . 8 3 7  8
8 . 8 5 2  . 0
7 . 8 3 5 4  0
3 3  . 8 4 5  . 8
3 9  . 8 2 'd 3 . 0
2 3  . 8 2 . 0
8 6  . 0 2 3 4  . 0
7 6 . 8 3 8 2 . 0
1.6 0 1 3 5  . 0
4 5'. 0 4 3  . 8
3 7  . 8 1 . 0
S3  . 0 3 5 5 . 0
7 3  . 8 281  0
8 6 8 1 3 5 .  0
2 5 .  8 2 1 8 . 0
5 7  . 8 1 3 8  . 8
4 5  . 0 2 1 8 .  ©
- ' 570,
CH.1015-17 EAST SIDE OF DRUMLIN 
CLAST FABRIC YELLOWISH GREY MATRIX-DOMINATED TILL 
(A-AXIS MEASUREMENTS RELATIVE TO TRUE NORTH)
DIP
DIP DIRECTION
3 e 9 0  . 0
1 2  . 0 31  . 0
3 . 8 6 9 . 8
41 . 8 7 9  9
3  . 0 6 4  . 0
5  . 9 6 2  . 8
1 3 . 8 6 6  01
2 3  8 6 7  0
3 5 . 8 6 3  . 0
2 9 . 8 5 5  . 0
9 .  0 5 7  . 0
7 . 0 5 3  3
9 . 8 4 9  . 0
1 . 0 4 8  9
1 0  . 0 4 3  . 8
1 5 . 0 4 3 .  8
7 .  6 3 8  . 8
6 . 0  ' 3 4  . 0
4 8  . 8 3  c- . 8
1 1 . 8 3 0 . 0
1 5 . 0 2 9  . 0
3 0 . 0 2 9  . 0
23 . 0 18  . ©
2 3  . 0 9 3
1 5 . 8 5 . 8
1 1 . 0 1 . 0
9 . 0 4 . 0
1 2 . 0 0  8
0  . 0 3 5 ?  . 0
7 . 8 3 5 5 .  8
5 .  0 3 5 2  . 0
7 . 8 3 5 8  . 3
3 4 .  8 3 4 5  . 8
1 -  . 8 3 3 3  . 0
3 7 .  8 3 2 8  ©
2 . 0 3 8 8  . 0
2 6  . 0 2 8 6  . 8
1 5 . 0 2 7 8 .  3
2 3  . 8 2 5 0  . 8
8 . 0 2 4 6  . 3
1 2 .  0 2 4 8  . 8
2 1 . 8 2 3 7  . 9
1 0 . 0 2 4 9  . 8
6 . S 2 3 9  8
2 0  . 8 2 3 5  . ©
2 8  . 8 2 4 4  . 0
4 1 . 8 2 3 5  . 8
DIP 
DIP DIRECTION
45 .0 236 .0
IS .0 23? .0
10 .0 233 .0
2. 0 238 .0
0 225. 0Q 48 221 0
13 .0 223. 8
19. 0 2 i 8 0
37 .0 210 .0
32 .8 2Q? .0
12 .0 298 .0
16. 0 286 .0
1 1 .0 283 .0
47. 0 286 .©
48. 0 198. 0
1 6 .0 198 .0
14. 0 195 .8
31 .0 194 .0
42 .0 193 .0
26 ,. 0 194 . 0
15..8 198 0
16.. 0 183 . 0
18.. 0 190 .8
23.. 0 198 . 0
10. 0 193 018 . 8 185 . 0
31 . 0. 186 ..0
31 0 138 . 0
36 .9 182 . 0
10 0 188 .0
15 .8 181 . 0
28 . 0 184 . 0‘
8 . 8 175 0
22 . 0 176 .0
1? . 0 174 . ©
7 .0 176 . 0
16 .  0 171 .  8
18 . 8 166 . 670w w . 9 162 . 0Q 0 150 . 0
li . 0 142 . 0
le .8 1.40 . 0
i . 0 93 . 0
3 .0 100 .0
.  9 128 8
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CH.1015-20 EAST SIDE OF DRUMLIN 
FISSURE PATTERN - FISSURED TILL 
(FISSURE PLANE DIPS RELATIVE TO TRUE NORTH)
DIP DIP
DIP DIRECTION DIP DIRECTION
7 3 .  0 2 3  . 8 6 7  . 9 3 5  . 8
6 3 . 8 2 6 . 8 1 6 . 8 1 9 5  . 0
6 6  . 0 2  8 . 8 2 3  . 0 1 2 5  . 8
7 i . 0 2 9  . @ 4 5  . 0 4 9  . 6
61  8 2 3 . 6 4 3 . 0 6 5  . 0
58*.  8 3 2  8 3 5  . 0 7 2  .©
3 6  . 6 18  . 0 5 4  . 0 2 8 3  . 9
6 3  . 0 16  . 9 5 1 . 9 2 8 6  . 0
5 4  . 8 19  . 0 4 3  . 9 1 3 3  . 0
4 5 .  8 3 7  . 0 5 8 . 8  . 1 3 2  8
4 3  . 8 8 . 0 5 8  . 9 2 1 7 . 8
1 0 . 0 3 6  . 8 S 3  . 8 2 0 1  - 8
1 3 . 8 2 5  . 0 4 5  8 1 1 7 . 8
12  . 8 3 8 .  9 5 3  . 8 . 1 2 6 . 9
i 0 . 8 1 5 . 8 6 7  . 9 1 3 1 . 0
1 4 . 8 3 7 . 8 6 4  . @ 1 2 3  . 0
5 . 8 2 1  . 8 8 1 . 0 1 8 6  . 8
8  . 8 5 2 .  8 7 3 . 8 1 i  2 . 0
9 . 0 6 3  . 0  • 2@ . 8 1 3 3 . 0
1 3 . 0 4 . 9 2 3 . 8  . 1 8 0 . 6
7 . 8 3 5 2 . 6 5 . 9 1 4 6 .  8
3 3 : 8 4 5 .  0 1 1 . 8 1 2 3  . 0
3 3  . © 2 1 . 6 1 3 . 0 1 6 5 .  8
2 5  . 0 2 4 . 0 7 6  . fcl 3 2 2  . 0
1 9 . 8 31  . 0 4 3  . 0* 3 8 1  . 0
2 8  . 8 4 8  . 8 51 . 0 2 6 3  . ©
2 3 .  8 2 . 0 8 3 . 0 1 0 3 .  0
8 7 . 8 2 5 1  . 0 3 1  . 8 4 3 . 0
3 6 ,  8 2 3 4  . 8 3 6  8 3 2  0
7 3 . 8 2 3 8 .  0 7 9  . 0 3 8  . 0
7 6  . 8 3 8 2  . 0 6 8  . 0 2 2 . 8
8 4  . 8 3 1 0  . 0 6 5 .  0 3 1  . 8
3 6  . 0 2 7 5 . 0 4 5  . 8 1 3 5  . 0
8-1 . 0 2 3 4  8 4 2 . 8 1 3 1 .  0
7 3  . 8 3 3  . 0 4 9  . 8 1 3 3 .  0
6 5  . 8 3 3  . 0 7 8  . 0 1 3 3  . 0
7 8  . 8 21 0 8 1 . 8 1 3 6 . 8
8 7 .  0 1 8 2  . 0
7 5  . 0 3 1 3 .  0 8 5  . 0 1 8 6  . 8
2 5  . © 1 3 1 . 8 2 8  . 8 6 8  . ©
3 7  . 8 3 3 6  . 0 1 5 . 8 6 9  . 8
5 5  . 8 3 3 1  0 4 7 . 0 1 1 3 . 0
7 3 . 0 1 4 3  . 0 4 3  . 8 1 0 0  0
7 5 .  8 1 6 0 . 8 5 1 . 0 1 2 8  . 0
1 6  . 6 2 4 3  . 0 4 2  . 8 1 0 4 .  0 '
2 3  . 8 1 6 5 .  8 4 3  . 0 1 3 2 . @
4 1 . 8 1 4 1 . . 0 3 3 . 9 1 2 3 . 0
5 0  . 9 1 5 0 . 0 8 1  . 8 1 0 7  . 0
7 3  . 0 3 4 8  . 6 81  . 8 . 1 1 1 . 0
2 3  . 0 2 9 7 .  0 7 7  . 8 1 2 5  . 8
3 0  . 0 2 6 8 .  © 6 4 . 8 1 3 4  . S
3 6  . 0 1 7 8 .  0 8 5 .  0 3 4 7  . 0
3 5  . S 1 5 3 . 0 8 0 .  0 3 5 3  . 0
5 1 . 9 3 4 3  . 8 7 0  . 0 1 7 6  . 8
4 6  . 0 3 8 2  . 0 6 2  . 9 1 7 1 . 0
5 6  . 9 3 2 8  . 0 4 7  . 0 16.8 . 0
6 7 . 8 1 2 3  0 1.9 . 0 1 S 8 . 8
7 8 . 8 1 5 0  . 0
6 8  . 6 1 3 8  , ©
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CH.1015-20 SOUTH SIDE OF BLANKET DRAIN 
CLAST FABRIC ON FACE OF-SUB-VERTICAL FISSURE 
(A-AXIS MEASUREMENTS RELATIVE TO TRUE NORTH)
DIP
DIP DIRECTION
2 0  . 0 2 4 4  . 0
1 5 . 0 2 3 2  . 0
9 . 8 2 2 1  8
9  . 0 2 4 8  . e
7 . 9 2 3 5 . 8
8 6  . © 2 8 5  . 0
3 8  . 0 1 2 3  8
1 i . @ 1 4 6 .  @
6 2  . 0 i  9  . 8
6 .  0 2 7 6  0
1 3 . 0 1 9 1 .  8
7 6 . 0 2 1 8 . 0
1 6 . 9 1 3 8  . 8
2 4  . 0 . 1 9 3 . 0
12  . 0 1 0 2 .  8
2 1 . 0 1 8  0 . 0
2 0 . 0 2 9  7 . 8
4 2  . e 2 8 8  . 0
2  . 0 2 3 . 8
1 3 . 8 4 8  . 0
18 . 8 3 4 .  0
€ . 8 4 . 0
12 . 8 3 5 6  . 8
1 7 . 0 1 1 3 .  8
2 2  . 0 2 8 4  . 8
3 7 . 0 3 3 3  . 0
1 1 . 0 1 2 3  . 8
3 8  . 8 3 8  1 . 0
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CLAST FABRIC DATA FOR TABULAR, OVOID, DISCOID AND 
RHOMBOID CLASTS
(INFERRED A-AXIS OR A-B PLANE DIP RELATIVE TO TRUE 
NORTH)
CH.1015-20
DIP
DIP
DIRECTION
20 . 0 173 .0
12.0 303 . 0
8 . 6 138 .0
14.0 234 . 0-
11.0 135 .©
6.9 1 37 . 8
6.0 232 .©
4 . 0 123 . 0
7.0 257 . 0
7.8 181 . 0
4 . © 253 .9
2.0 257 . 0
7.8 221 .0
2 . © 153. 8
17.8 159 .0
3.0 157 . 8
20 . 0 157 .0
6 . 0 231 . 0
2 2 . 8 334 . 8
5.0 28.6 . 0
4.0 176 .8
2. 8 283 . 8
11.0 175 .0
10.8 287 . 0
1 .0 176 .0
7.0 284. 8
12.8 135 .0
16.8 26? . 8
21 . 0 264 . 6
3.8 229 . 0
14.0 151.0
3 . 0 282 . 0
5.0 196 .8
3 . 0 187.0
22. S 238 . ©
22 . 0 102 . 8
61 . 0 172 .0
5. 0 265 . 8
4.0 288 .0w . 0 273 . 0
2.0 272 .0
DIP
DIP DIRECTION
1 2 . 0 1 2 2 .  8
1 5 . 0 1 1 1 . 0
3 . 0 1 1 6 . 0
2 7 . 0 1 1 8 .  8
2 1 . 8 1 1 3 . 0
1 1 . 0 2 7 6  . S
8 . 8 1 5 8  . 0
1 5  . 8 1 6 5  . 8
2  . 0 2 4 8 .  0
2 . 0 2 3 4  . 0
3 .  0 2 9 3 .  0
8  . 0 2 8 2  . 8
3 . 0 1 4 3 . 8
3 . 0 1 4 i . @
2 1 . 8 1 3 7 . 9
8 .  0 3 1 2 . 6
9 . 0 3 0 0  . 8
5 . 8 1 2 0  . 0
3  . 0 1 2 3 .  8
6 . 8 2 5  . 8
1 1 . 0 5 2  0
4 0  . 0 6 5  . 8
1 . 0 2 8 3 . 8
1 8 . 0 2 8 6  . 0
2 . 0 1 7 2 . 8
1 5 . 0 2 4 9  . 8
3 . 8 2 4 5 . ' 8
4 . 0 2 1 8 . 8
3 .  0 1 6 4  . 0
1 . 0 2 1 2  . 0
3 . 8 1 4 3  . 8
1 6 . 0 1 3 4  .0
45 . 0 2 7 5 .  0
5 3 .  © 2 8 1  . 0
4 1 . 0 3 4 2 .  0
5 5 . 0 6 3  . ©
25 . 0 2 8 3  . 8
1 8 . 0 2 3 i  . 8
1 5 . 8 2 8 5 .  0
3 8 . 8 1 7 1 . 8
20 . 0 1 8 1  . 0
3 7 . 8 2 8 3  . 0
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CH.1040+25 CORE TRENCH
CLAST FABRIC : FISSURED TILL IN WEATHERED ZONE
(A-AXIS MEASUREMENTS RELATIVE TO TRUE NORTH)
DIP
DIP
DIRECTION DIP
DIP
DIRECTION
13 0 6 0 p e; 0 2 2 8 &cr 0 rj 0 3 6 0 2 2 8 0
15 0 10 0 15 0 2 3 8 0
s 0 0 19 8 2 3 1 0
b 0 V C; 0 •1*0 8 2 3 1 8
13 0 "jl 8 13 8 2 3 3 0
"7 0 ' 47 0 41 0 2 3 5 ©
5 0 5 3 0 15 0 iC { 0«—■ 0 3 7 0 10 8 2 4 0 ©
2 5 0 1 0 5 0 24 0 2 4 2 0
13 0 1 10 0 13 0 2 4 3 0
P 0 1 2 7 0 2 8 8 2 4 7 8
2 5 0 i 7 7± -W.» © cl l% 8 2 5 2 0
15 0 1 3 4 0 2 0 0 2 5 4 0
f 6 1 4 6 © “? *y 0 2 6 8 0
2 0 0 1 3 8 0 51 0 2' 6 8 0
7 0 0 1 4 2 © 0 2 7 8 0
i 6 0 1 4 5 8 1 2 0 2 7 f. 0
17 0 1 6 9 0 *"’ 8 2 8 1 8
0 1 74 0 v y 0 7 0  77 0
17 0 1 7 7 0 31 0 28  r 0
13 0 1 7 8 0 16 0 *4 V 0
17 0 2 0 0 0 17 8 2 6 8 ©
.*t .j 0 2 0 2 0 13 0 2' y b 0
16 0 2 0 5 0 cr•jr 0 3 0 3 0
12 0 2 1 0 0 11 0 3 0 1 0
21 0 2 1 3 0 3 8 0 31 3 0
5 0 0 2 1 5 0 7* “7 0 3 1 7 8
3 0 0 2 1 ? 0 15 0 3 ^ 7 8
12 0 2 1 8 0 4 5 0 3 4 9 0
2 0 0 2 2 0 0 13 0 3 5 8 0
10 0 111 ci ii 0
1 6 0 2 2 6 0
24 0 2 2 4 8
nfl^cFABRIC F°R TABULAR> 0V0ID> DISCOID AND RHOMBOIDvLnOIJ
(INFERRED A-AXIS OR A-B PLANE DIP RELATIVE TO TRUE 
NORTH)
CH.1040+25
DIP
DIP DIRECTIO
2 7  . 0 2 2 6  . 0
1S  . 8 2 1 3  . 0
i 3 .  0 2 2 1  . 0
i 0 . 0 2 7 3 . 8
5  . 0 2 7 0  . 0
1 5 . 0 18  3 . 0
2 2 .  0 1 2 1 . 0
2 5  . 8 1 1 0 .  0
19 0 1 0 9  . 01
7 3  . 0 3 1 3 . 0
2 5 . 0 1 3 1 .  0
3 7 . 0 3 3 6 . 0
5 5 .  © 3 3 1  . 8
7 3  . 8 143. .  0
7 5 . 0 1 6 0  . 0
1 6 . 0 2 4 3  . 0
2 9 .  8 1 6 5  . 0
41  . 8 1 4 1 . 8
5 8 .  8 1 5 8  . 0
7 3  . 0 3 4 8  . 8
2 3 .  0 2 3 7  . ©
3 0 .  0 2 6 0  . 0
8 6  . 8- i 7 0  .0
8 5  . 0 1 5 3 .  8
5 1 . 0 3 4 3  . 8
4 6  . 0 3 . 8 2 .  8
5 6  . 8 3 2 0  . 0
Of' .0 1 2 3  . 8
7 0  . 8 1 5 8  . 8
•58 . 8 1 3 8  . 0
6 4  . 0 1 3 4  . 0
8 5  . 0 3 4 7 . 0
8 0  . 0 3 5 3  . 0
7 8  . 8 1 7 6  . 8
6 2  . 8 1 7 1 . 0
4 7  . 8 1 6 8  . 8
1 9 . 0 i 8 8  .0
DIP
DIP DIRECTION
14 0 133 017 0 138 0
0 % 287 0O cr 0 * 28@ 0
■t« T 0 137 8
cl i 8 287 0
1 6 0 251 0
2 0 0 243. 0
8 . 288 0
26 8 2 r* 4 0
16 0 —H “Jr f 818 0 . 273 0
6 0 380 0
12 0 76 01
28 0 30 0
3 8 0 112 0
38 0 1 1 7 0
10 0 111 0
15 0 115 0
18 0 118 8
16 8 . 120 0•-•cr 0 121 0
0 126 07.3 0 • 12 3 0
4 0 8 5 Ei
11 0 35 0
1 8 0 100 0
18 8 116 0
29 0 1 13 8
16 0 136 8
15 0 20 i 0
4 3 0 220 013 0 215 8
■ . | 
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APPENDIX 5
STATISTICAL SSDIMEMT ANALYSIS 
TECHNIQUES
3.1. STATISTICAL REDUCTION PROGRAM •
The computation of grain size statistical parameters is of significant 
value to the- interpretation of the mode of origin of most glacial 
materials.
Accepting that the grain size of any sediment can be treated by 
statistical methods, most of the pertinent sedimentary parameters 
can be determined mathematically* by the method of moments or .
graphically by reading selected percentiles off cumulative distribution 
curves plotted from sieve and hydrometer analyses.
The usefulness of the various statistical parameters that can be used 
for sediment variation analysis increases dramatically when the 
techniques are used as indicators of sedimentary environment. The 
other significant advantage of computing grain size parameters is that 
it provides a means by which individual elements from differing 
locations can be quantitatively as well as qualitatively compared, 
thereby allowing development of rational geoteehnical correlations 
between materials.
Early work.on the classification of sediments (Krumbein 1934 and 1938, 
Inman 1952, Folk 1954 and others) first developed the use of the 
cumulative distribution weight percentage curve for diagnostic 
sediment analysis. It was noted by these workers that the grain size 
distribution curves for beach and river sands corresponded closely
with the form of a normal gaus.sian distribution. Accordingly, use 
was made of moment measures to attempt to quantify and describe 
sediments.
For the purposes of computing the various diagnostic statistical 
measures in this thesis, use has been made of the graphic method of 
analysis:
(a) because the method is readily usable and almost as accurate 
as the method of moments, and
(b) because sample to sample variation in any given property 
is sufficiently wide that it is not necessary to determine 
any single parameter with extreme precision.
For tills and many of the fluvioglacial materials, the grain size 
frequency curves are non-normal. In many cases the distributions 
are bi-modal. The use of means and sorting coefficients determined 
only on the central section of the distribution as a.means of 
characterizing such sediments is considered unreliable. Accordingly, 
a wider computation base has been used following the methods originally 
outlined by Folk and Ward (1957). ‘
Median
The median, or 50 percentile, constitutes a measure of the middle of 
the range of grain size represented- in the distribution. When plotted 
on the cumulative curve, the median is readily determined graphically 
as the centre of the distribution curve,
i.e. Mj = 05Q .
Mean size
Inman (1952) recommended the graphic measure (01(-+ 0O/i)/2 as alb 84
measure of the mean to give a close approximation to the theoretical 
gaussian mean for the 0 distribution,^ -2x/n.
Although the graphic relationship proposed by Inman serves admirably 
for nearly normal curves, it fails to reflect the accurate mean for 
skewed or bi-modal distributions.. Consequently, the following graphic 
relationship which incorporates a measure of the central section of 
the curve has been used: .
M = (0, „ + 0 + 0  )/33. 16 50 34
. where 0...,, 0,_„ and „ can be considered aslo 50 84
representative of the medians of the coarse, medium and fine component
of the sediment distribution.
Standard Deviation
The spread of the distribution is measured by the standard deviation. 
Normal curves which exhibit the classic gaussian bell-shaped frequency 
distribution, when plotted cumulatively exhibit a symmetrical 
sygmoidal curve, the standard deviation of which is 1.
Theoretically, for a normal probability distribution, the standard 
deviation, cr, is given by
o* ss /nZx^- (£x )2< 
y n(n-l)
which, by the method of moments, can be expressed as
where n.. = Z f x / S f  
2
' and = S f x  /2f.
Krumbein (193S) suggested the graphic approximation
where the negative sign has been 
introduced to compensate for the reversed axis notation used in ' 
European and British practise for the plotting of grading curves.
For many normal curves this measure is adequate. However it is 
based only on the central part of the distribution and ignores the 
"tails**. For sediments this is of particular engineering significance 
in that using the above graphic measure a pure sand could have the 
same standard deviation as a sand v/ith 10% clay.
It is well known that data beyond the 5th and 95th percentile are 
frequently unreliable due to the procedures of sediment grading 
analyses. Accordingly, Inmam in 1952 suggested inclusion of the tails 
only as far as these gradation points. Folk and Ward (1957), 
incorporating this suggestion in turn proposed the following
° 0 -
0 —84 '16
measure, which they term the Inclusive Graphic Standard Deviation:
°0 = -
0 -  0 . ,  0 -  0C b4 lo + 55 5
. 4 6.56
Again, a negative sign is introduced to account for the axis 
convention used on standard British grading plots.
Skewness
The third moment of the distribution is a measure of the differences 
in shape of the distribution from the classic bell-shaped curve. It 
is a measure of the symmetry of the distribution about the mean and 
it is an index of the relative abundance or lack of. sediment sizes 
towards the tails of the distribution.
For a normal gaussian curve the skewness can be expressed in terms 
of the frequency distribution by means of the third moment which is 
defined a s : .
m3 = n3 - 3nln2 +
where n_ * 2fx, n„ = Sfx2 . n =* Zf x5 .
Zf Z f  2 f
The mo'mental skewness is then:
_ m3 m3
0 = 2 = 2(m2 )3/2 = 2ff3
Several graphic approximations of the skewness of sediment distributions 
have been suggested. Krumbein (1938) suggests the relationship:
0?5+ 025- 205O
q =  I " -----
for determining the skewness of the central part of the distribution, 
which in essence compares the mean of the first and third quartiles 
from the median. ’ .
The overall momental skewness of the distribution (to an acceptable 
degree of accuracy) can be approximated by the following graphic
measure (Folk and Ward, 1957). Again, the sign convention has been 
adopted to account for the axis notation.
Sk
a
^16* ^64 2^5Q + ^95~ ^ 5 0
2(0S4“ 016) 2(0gg~ ^5*
Kurtosis
Other than asymmetry of grain size grading curves with respect to 
the mean of grain size spreads, distributions from natural sediments 
exhibit considerable variation in overall percentage of grain sizes 
occuring in the central part of the distribution compared to that 
present in the tails. For instance, aeolian sands tend to be single 
sized with only a small spread about the mean gr^in size. Such 
distributions, when plotted as frequency distributions, exhibit a 
peaked distribution which is significantly 'non-normal1. Some 
marine and glacial distributions which have not been winnowed so 
effectively tend to show a very wide spread of grain sizes, often 
without the full development of the classic bell-shape peak of the 
normal distribution.
Kurtosis is a measure of this- peakiness referenced to the standard 
shape of the normal curve, lib mental kurtosis can be expressed as:
m4 •
3 (nip)
2 4where m, = n. - 4n_n0 + bn-n„ - 3n,A A A o A <L 1
and n4 = £ffx4 )/(2 f).
Using a direct graphic measure, the momental skewness can be determined 
from:
( 0 -  0 ). ^ 95 5 'kw =0 - 2.437(075- 025)
Mode
The definition of the mode as the value of the most commonly occuring 
grain size cannot be accurately determined using either graphic or 
moments methods. At best an approximation is possible when the
distribution is relatively symmetrical, but once such distributions 
become significantly skewed, the approximations fail to accurately 
represent the mode.
For moderately skewed distributions for which the distribution is 
normal or exhibits a sharper peak, the mode can be approximated by:
M = M , - ( Sk .cr,,)o d v q 0'
where M, is the median,d ’ 50
cr^  is the standard deviation
Sk is the quartile skewness.
Q
This expression is valid only when Sk falls within the range -0.5 to
Q.
+ 0.5.
For flatter distributions (kurtosis less than 1) and for more 
appreciable values of skewness, the mode is more closely approximated 
by:
Ho = ^ - ( S k 0 .a-0 )
where Sk^ is the overall graphic or momental
skewness derived from considerations 
relating to the tails of the 
distribution, 
and A  is the mean. ■
Nevertheless, for the purposes of analysis, all computed values of 
the mode need verification from inspection of the grading curve, 
especially where bi-modality of the materials is evident, as is 
almost invariably the case with tills.
In such cases it is often useful to define the location of the 
plateau on the cumulative grading curve, i.e. the grading for which 
there is a distinct lack in the frequency distribution. This grain 
size, termed the split s i z e , ^ , cannot be readily derived numerically 
and therefore, like the modal points of any bimodal distribution, is 
best estimated by inspection of the grading curve.
Comparison of Graphic and .Moments Measures
For truly normal distributions the values of each of the statistical 
parameters discussed previously are as follows:
Median, M.a some value t m^ 
• some value, m^tean,
Mode, M 
’ o
Standard Deviation, cr
some value, m^ 
1
Momenta! Skewness, Sk^ 
Quartile Skewness, Skq 0
0
Momental Kurtosis, k^ 1
Accordingly, to test the accuracy of the graphic measures, the 
slightly skewed,, peaky frequency distributions shown on the upper 
diagram on Figure 3-1 were analysed using first the method of moments 
(see Tables B-la and b). The cumulative curve to the frequency 
distributions (see lower diagram on Figure B-l) were then analysed 
using the graphic measures (see Tables B-2a. and b).
The example calculations shown on Tables B-l and B-2 for the two 
distributions illustrated on Figure B-l exhibit some of the more 
interesting variations in statistical parameters.
For distribution a), the mode, or most commonly occuring value, is 
coarser than the mean of the distribution, while for distribution b) 
the reverse is true. This is reflected in the skewness values, not 
only for the tails of the distribution, as indicated by Sk^, but 
also in the central section of the distribution. The peak of 
distribution a) is skewed to the coarse side and distribution b) is 
skewed to the fine side when compared with a normal distribution 
that would be- symmetrical about the mean. The coarse tendency 
modal skewness of distribution a) is reflected by positive values 
s ic 0 and Sk^, while the fine tendency modal shift evident in 
distribution b) is indicated by negative values of Sk^ and Sk^.
This is balanced by the fact that distribution a) exhibits a greater 
percentage of fine grains in the tail of the distribution, exemplified
by the positive skewness values, while distribution fa) comprises a 
preponderance of coarse grains in the tail indicated by negative 
values of skewness.
By comparison, the kurtosis values of both distributions are similar, 
both curves being somewhat more sharply peaked than a normal curve.
As the values computed by the graphic method are considered sufficiently 
close to those computed by the method of moments (compare Tables 
E-l and B-2), the graphic method has been used for the analysis of 
all the Brenig glacial deposits. The hand calculator program 
developed by the author for undertaking these analyses is given in 
Table 3-3 5 following this appendix.
B.2. BIMODAL TILL DISTRIBUTION ANALYSIS
Because of the bimodality of tills, the analysis of sedimentary 
statistics as described previously is complicated by the lack of 
a distinctive central tendency in the distribution. Accordingly 
for analysis purposes, since the split size (^) marks the division 
between two normal distributions, analysis of the overall till 
grading can be accomplished using a modified form of the cumulative 
normal distribution curve as follows:
o' values are expressed in 0 units 
and where © =* F when35^<^L ,or © = 100 — F when
y %
is the grain size of the particles 
in 0 units
^  is the split size, in 0 units,
between the two normal distributions
F is the % passing at that split size
cr is the overall standard deviation
p is a measure of the spread of the 
distribution at: the split size 
approximated by p = °overall. where
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FIGURE B-l(a) FREQUENCY DISTRIBUTION FOR GRADINGS (a) AND (b).
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FIGURE B-l(b) CUMULATIVE GRADING CURVES FOR DISTRIBUTIONS (a) AND (b).
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TABLE B-l(a):COMPUTATION OF STATISTICAL PARAMETERS BY METHOD OF
MOMENTS - DISTRIBUTION (a).
d0
fd fd2 fd3 fd4
9 0.006 0.054 0.486 4.374 39.366
8 0.014 0 . 1 1 2 0.896 7.168 57.344
7 0.034 0.238 1 . 6 6 6 11.662 81.634
6 0.061 0.366 2.196 13.176 79.056
5 1.289 6.445 32.225 161.125 805.625
4 1.899 7.596 30.384 • 121.536 486.144
3 4.069 12.207 36.621 109.863 329.589
2 8.477 16.954 33.908 67.816 135.632
1 18.650 18.650 18.650 18.650 18.650
0 31.536 0 0 0 0
- 1 20.346 -20.346 20.346 -20-346 20.346
- 2 6.985 -13.970 27.940 -55.880 111.760
-3 3.459 -10.377 31.131 -93.393 280.179
-4 2.035 - 8.140 32.560 -130.240 520.960
-5 0.678 - 3.390 16.950 - 84.750 423.750
- 6 0.339 - 2.034 12.204 - 73.224 439.344
-7 0.088 - 0.616 4.312 - 30.184 211.288
- 8 0.027 - 0.216 1.728 - 13.824 110.592
-9 0.007 - 0.063 0.567 - 5.103 45.927
E 99.999 + 3.470 304.770 - + 8.426 4197.186
thus: n-i = 0.035 n 2 = 3.048 n 3 = 0.084 m* = 41.972 
m  = Efd n 2 = £fd2 n 3 = Efd3 n* = Efd1*
Z f  Ef Z f  Ef .
Mean_, y U =  0.5 + and m 1 = n 1 = +0.035; .*. ^  = 0.53513
Standard deviation, or = J v l r i l n c e  - n^' .\ cr= 1.746)3
Momenta! skewness = <^/2 = Jg(m3 4 m ^ 2 ) > .\ Sk^ = -0.0220 
(where m3 = n3 - 3n1n2 + 2n^ = -0.233)
Momenta! kurtosis = °£/3 = ^-(m^ 4 m^) , k^ = 1.5080
2 4
(where + 6n^ 2 “ 3nl = 41.983)
Mode = M 0 = yu.- Sk^o-' 0.535 + 0.038 = 0.5730
586
TABLE B-l(b):COMPUTATION OF STATISTICAL PARAMETERS BY METHOD OF
MOMENTS - DISTRIBUTION (b).
d0 n Z f % fd f d 2 fd3 fd
4
9 0.006 0.006 0.054 0.486 4.374 39. 366
8 0.015 0.021 0.120 0.960 7.680 61. 440
7 0.036 0.057 0.252 1.764 12.348 86. 436
6 0.064 0.121 0.384 2.304 13.824 82. 944
5 1.357 1.478 6.785 33.925 169.625 848. 125
4 1.999 3.477 7.996 31.984 127.936 511'. 744
3 4.283 7.760 12.849 38.547 115.641 346. 933
2 15.788 23.548 31.576 63.152 126.304 252. 608
1 31.576 55.124 31.576 31.576 31.576 31. 576
0 19.998 75.122 0 0 0 0
-1 10.525 85.647 -10.525 10.525 - 10.525 10. 525
-2 7.368 93.015 -14.736 29.472 - 58.944 117. 888
-3 3.684 96.699 -11.052 33.156 - 99.468 298. 404
-4 2.105 98.804 - 8.420 33.680 -134.720 538. 880
-5 0.737 99.541 - 3.685 18.425 - 92.125 460. 625
-6 0.316 99.857 - 1.896 11.376 - 68.256 409. 536
-7 0.105 99.962 - 0.735 5.145 - 36.015 252. 105
-8 0.032 99.994 - 0.256 2.048 - 16.384 131. 072
-9 0.007 100.001 - 0.063 0.567 - 5.103 45. 927
Z 100.001 100.001 40.224 349.Q92 87,768 4526. 124
thus : = 0.402 n2 » 3.491 n 3 = 0.878 45.261
n
Z f
• n2 _ Z fd 2 
Zf
n _ Z f d 3 
Zf
_ Zfd* 
Zf
Mean, y = 0class + m x; & nu = n x = +0.402; y = 0.902 0
Standard deviation, <r, ^ v a r i a n c e  *,/n^ = /n"2- n ^  .\ <r = 1.8250
3/2
Momenta! skewness = ^ / 2  = %(m3 i m 2 ), .\ Sk0 = -0.2640'
■ (where m3 = n3 - 3n1n2 + 2n^ = -3.205)
Momenta]. kurtosis = ^ / 3  = i  (m4*m|), k0 = 1.4180
(where m4 = n4 - 4nxn3 + 6'n*n2 - 3nJ = 47.159)
Mode * M0 = Sk0o* = 0.902 + 0.482 = 1.3840
TABLE B-2( a):COMPUTATION OF STATISTICAL PARAMETERS BY GRAPHIC ANALYSIS
DISTRIBUTION (a).
h -
3.5 0
h f
2.0 0
h s *
1.4 0
05O=
0.5 0
075=
-0.3 0
^84”
-0.9 0
095=
-2.5 0
Values derived directly from 
cumulative grading curve.
Mean |3X6+ 084+ 05O = 0.533 0 (0.69mm)
084* 016 . 095* 05
Standard deviation, <r = - (— y   + —
0Qfl — 0iccr =■ - (_84— 16) = 1.45Q 0
) = 1.640 0
0s»t 0 1fi- 20,-a 0QC+ 0c- 20,n
Momenta ]__sk ewri es s , Sk0 = - ( y - *  ■
= + 0.017 0
Quartile skewness, Sk^ = 075+ 025~ 205O _= + 0.050 0
Mode, estimate based on Skq5 M 0 = 0^q -  Sk^cr = 0.427 0 (0.74mm) 
estimate based on Sk^, M-d = /* —  Sk^cr = 0.508 0 (0.70mm)
0QC"*
Brtosji, k0. = 2.437(0yg- 025) = ll448 0
Trask Sorting Coefficient. sQ = = ®
TABLE B-2(b):COMPUTATION OF STATISTICAL PARAMETERS BY GRAPHIC ANALYSIS
DISTRIBUTION (b).
05 = 3.5 0
0 16= 2.2 0
025" 1.9 0
05O= 1.2 0
075=
0.1 0
084=
-o.;70
095=
-2.!50
Values derived directly from 
cumulative grading curve.
Mean,yu- = 0 16+ 084+ 05O
Standard deviation, or = - (
o' - “ (
= 0.90 0 (0.536mm)
084~ 016 . 095" 05
084~ 0 16
6.56 ) = 1.640
) = 1.450 0
0™+. 0 lfi- ZPRn - 0pi-+ 0R- 20
Momenta! skewness, Sk„ = - ( 8f.- 16 - -b0 + 95 5
0 ' 2 (084' 0 16 2 ^0g5" 05^
= - 0.272 0
Quartile skewness, Sk =
M
075+ 025~ 205O
=  - 0.200  0
Mode, estimate based on Sk^, M0 = 0 5Q —  Sk^o- = 1 -490 0
estimate based on Sk^, M 0 = ^  —  Sk^cr = 1.294 0
M M ls, kp = 2.437(0yg- 025) = J-368 0
Trask Sorting Coefficient, sQ . = ~ 1-866 0
)
(0.36mm) 
(0.41mm)
From this relationship it can be seen that the distribution is forced 
to split into tv/o sigmoidally shaped segments either side of the split 
size grading . Furthermore, from examination of the exponent term, 
it can be appreciated that, when there is hardly any spread or plateau 
in the cumulative sediment distribution at the split size, the power p 
approaches unity and the split size approaches the mean, that is the 
distribution becomes unimoaal and normal and the general bimodal 
equation reduces to that of a standard cumulative normal curve.
For numerical evaluation purposes, the above expression can be 
programmed using Simpson’s rule or other integration methods or can 
be approximated using the following algorithms:
Matrix distribution:
y % = 2F (P (x ))
Clast distribution:
' y % = F + 9(2P(x) - 1)
where 9* = 100 — F
2 3 4* ^
♦ and P(x) ~ l”va(l+c^x+c^x +c3x h-c ^x )"*
with c1 = 0.1SS854
c2 = 0.115194
C0 = 0.000344o
amLc, * 0.0195274
Hand calculator programs for both these approaches are included in 
this appendix (see Tables 3-4 and 3-5).
In determining the properties of many of the glacial sediments it 
has been found that evaluation of a specific grain size at a given 
percentage passing is also a useful and important procedure.
Accordingly, the author has derived a polynomial algorithm for 
numerically approximating the inversion of the standard cumulative 
normal sediment curve. In this assumption let
*0 = a M  + 3 M  + c [£ l
where the first order numerical approximation has been based on the 
sygmoidal shape of the h y p e r b o l i c  tangent curve, i.e.
A [a] = -O.o ln(100 _ ^  ) 
where H  is the cumulative percentage passing for the specific grain size.
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In general terms the approximation is close to the theoretical 
distribution, but in detail errors in excess of 5% occur at the 
tails. Accordingly, a second order term has been incorporated from 
considerations of the error band between the above tanh curve and 
the theoretical result for the normal gaussian cumulative curve.
The shape of the error curve between the two expressions can be 
approximated by a cubic parabola of the form:
. where j = £  - 50
Hence, by rearrangement for ease of numerical computation on a hand 
calculator, this can be rewritten as:
The error band now existing between the algorithm and the theoretical 
curve can be approximated by considering the equation describing the • 
second order step function of a damped instrument. By trial and 
error' an approximation to the third term in the overall expression 
for Xw has been derived as:
which in this case has been found to be best represented by:
b [e] a 2.3947xlcT°j3 - 0.00209916j
where oO = +12.942
and fi = + 6,1662
C [s] - -k e ~ ^ (2** } .sin(/l-£2U>(2.+ 6 ) + 0)
where 0
k = +0.10526
a +0.15222
^  = +0.34636
and S = 9.7, a linear shift on
the percentage scale.
Now when this is expressed in terms of the bimodal type of grading 
considered typical of the tills, the expression can be rewritten:
But as 2, is the normal cumulative percentage:
Hence, knowing the split grain size and percentage and the overall 
and separate standard deviations of a bimodal distribution, the 
entire distribution can be described and any percentage or any
known. This descriptive aid in analysing sediment grain size 
distributions can thus be applied to quantifying the differences 
and similarities of sediment distributions from various places or 
between different distributions from the same site location., a 
considerable advantage in the geotechnical correlation of material 
properties. Furthermore, by allowing the complete distribution 
to be summarized by a few parametric values which can be graphed 
and compared'with other data from elsewhere, the use of grain size 
statistics coupled with the distribution algorithms can aid 
considerably in the data transfer of information on complex 
sediments.
The hand calculator program written by the author to accomplish 
the calculation of "estimated grain size" for a known percentage 
passing is presented in Table B- 6  in a form suitable for handling 
both unimodal (normal) and bimodal distributions within which 
there is a significant split or plateau in the grading curve.
then X0 can be determined from the algorithm given previously using 
the hand calculator program presented on Table B-5.
grain size can be readily determined when the other parameter is
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TABLE B—3: HP34 HAND CALCULATOR PROGRAM TO COMPUTE STATISTICAL
GRAIN SIZE MEASURES USING GRAPHIC MEASURES.
1.
2.
3.
4/
5.
6 .
7.
8. 
9.
10.
1 1 .
12 .
13.
14.
15.'
16.
17.
18.
19.
20. 
21. 
22.
23.
24.
25.
26.
30.
31.
32.
33.
34.
35.'
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
hLBL B 
GSB 2 
hRTN
hLBL A
RCL
RCL
+
RCL
+
3
•
STO
GSB
R/S
\
Converts data entry 
from mm to 0 units
Computes mean
_ 016+ 084+ 05O 
3-------
RCL
RCL
STO 8
2
•
RCL 0 
RCL 6
6.56
+
hPSE 
RCL 8 
R/S 
Rtl 5 
RCL 1 
+
RCL 3 
2 
x
Computes standard deviation 
a) using centre and tails:
• - [
084_ ®16 . 095‘ H  
4 6.56
b) using centre only:
o'= 084‘ 0 16
RCL
RCL
2
x
RCL 6 
RCL 0 
+
RCL 3
2
Computes graphic (momental) 
skewness:
084* 016~ 205O ,095+ 05“ 205O 
2 ^ 8 4  016^ 2(0g5- 05 )
593.
53.
54.
55.
56.
57.
58.
59.
60. 
61. 
62.
63.
64.
65."
66.
67.
68.
69.
70.
71.
72.
73.
74.
75. 
76/
77.
78.
79.
80. 
81. 
82.
83.
84.
85.
86.
87.
88. 
89. 
90/
91.
92.
93.
98.
99. 
100. 
101. 
102.
103.
104.'
105.
106.
107.
108. 
109.
x
RCL 6 
RCL 0
2
x
+ 
CHS 
STO 9 
R/S
r£T
RCL 2 
+
RCL 3 
2 
x
STO .0 
R/S
RCL 3 
RCL .0 
RCL 8
x
GSB 3 
hPSE_ 
RCL 7 
RCL 9 
RCL 8 
x
GSB 3 
R/S
Computes quartile skewness: 
_ ^75* g25~ 2 h o
Skq =
Computes estimates of the mode:
a) based on Skq , using relationship
M,o = ®50 ' ^ q - 0"
b) based on Sk^, using relationship
M.q = ^ -  Sk^.cr
RCL 6 
RCL 0
2.437
RCL 4 
RCL 2
R/S
Computes graphic (momenta!) kurtosis
. ^ 095~ 05)
0 " 2.437(075- 025)
RCL 4 
RCL 2
GSB 3
f r
hRTN
Computes Trask Sorting Coefficient:
So = / Q75* ^25
1.10. hLBL 2
111. fLN
112. 2
113. fLN
114. r
115. CHS
116. hRTN
117. HLSl 3
118. CHS
119. 2
120. x ^ y
121. hy
122. hRTN
Converts nun to 0 units
df , = -log9 (Dm m )0 mnr
Converts 0 units to mm 
-d0f
D = 2 p mm
OPERATION
TO STORE EACH VALUE 
enter D pressiTI 
then press IsTSlIxT
DATA ENTRY, 
(0 UNITS)
STO 0 °5
STO 1 °16
STO 2
°25
. STO 3 °50
STO 4 °75
STO 5 °84
STO 6 °95
P R E S S ®
OUTPUT.....................  yU,
PRESS H/S] ......... d  tails^  tf cftnirs.,
...................   SkPRESS R/S
PRESS R/S
PRESS R/S
PRESS[R/S
0 ’
* Skq> 
Moq , Mo
* k0 5
r
STO 7 
STO 8 
STO 9 
STO.O
in mm.
0 units 
0 units 
0 units 
in mm.
0 units
PRESS R/S and returns to start.
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TABLE B-4: HP34 HAND CALCULATOR PROGRAM JO COMPUTE BIMODAL CUMULATIVE
SEDIMENT DISTRIBUTION CURVES USING INTEGRAL FUNCTION.
1.
2.
3.
4.
5.'
6 .
7.
8. 
9 /
10.
1 1 .
12.
13.
14.
15.
16.
17.
18.
19.
20. 
21. 
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
33.
34.
35.
36.
37.
38.
39.
40.
42.
43.
44.
45.
46.
47. 
48.. 
49.
hLBL B 
hCF 1 
hCF 2 
0
Initializes the flags
y
4
STO fl 
hDSP I
Sets accuracy of integration
g f  R 
RCL 7
g x < 0 ?  
hSF 2 
hABS 
RCL 6
Computes D^. ^  ^
RCL 8 
2
hFRAC 
gx=0? 
hSF 1 
glR 
RCL 8 
hy
hF?l
CHS
hF?2
CHS
hPSE
r h
Computes x^ = (-=^p— )
and establishes the integration 
limits in x and y registers, 
displays x^.
'j>
2----
x
hF?2 
GTO 2 
RCL 9 
GTO 3 
hLBL 2 
100 
RCL 9
Integrates the expression in subroutine 1
Evaluates whether ^
Determines 9 = F,
9 = 100-F, D0 > ^
hLBL 3
x
CHS 
RCL 9
+
hRTN
Computes overall expression:
y % = F - 2»| - ^ e ' x2/Z dxf 0 1 -x:
1 7 ^
596.
50. hLBL 1
51. gx^
52. 2
53. ~
54. CHS
55. gex
56. hir
57. 2
58. X
59. f x T
60. h 1/x
61. X
62. hRTN
Computes integrand: 
1
■/Fir
1 -  e’^ d x
OPERATION
^ 0 ^ ( 0  units) STO 7
^overall (0 un1ts) ST0 6
p =  J v e r a H  . S T 0  8
matrix
F, the % at the split
size STO 9
Enter press [0; program displays then y%.
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TABLE B-5: HAND CALCULATOR PROGRAM TO COMPUTE BIMODAL CUMULATIVE
DISTRIBUTION CURVES USING POLYNOMIAL FUNCTION.
1. hLBL A
2. hCF 1 Initializes the flags
3. hCF 2
4. 0
5. x-^y
6. RCL 7
7. - Computes D0 - ^  . .
cr •8. gx<iO?
9. hSF 2
10. hABS
11. RCL 6
12. 4
13. RCL 8
14. 2
. D0 " f  P
. Computes xp
15.. T
16. hFRAC
17. gx-O?
18. hSF 1
19. g * R
20. RCL 8 • -
21. hyx
22. hF? 1
23. CHS
24. hF? 2
25. CHS
26. hPSE
27. hF? 2
28. hABS
29. hLBL 4
30. STO .0
31. 4 Computes polynomi al........
32. hyx
33. RCL 4 4
34. x .... C^Xp
35. RCL .0
36. 3
37. hyx
38. RCL 3 3
39. x .....c3x0
40. +
41. RCL .0
42. gx2
43. RCL 2 2
44. x .....c2x0
45. +
46. RCL .0
47. RCL 1
48. x .....c1xfl
49. + 1 0
50. 1
598.
51. +
52. 4
53. CHS
54. hyx
55. 2
56. T
57. CHS
58. 1
59. +
60. hF? 2-
61. GTO 3
62. CHS
63. 1
64. +
65. hLBL 3
66. hF? 2
67. GTO 2
68. 2
69. X
70. RCL 9
71. X
72. hRTN
73. hLBL 2
74. .5
76. -
77. 2
78. X
79. 100
82. RCL 9
83. -
84. X
85. RCL 9
86. +
87. hRTN
O O A
P(x) = 1 - ^(l+C^+CgX +CgX +c4x )
-A
Determines fine or coarse side of split 
and adjusts spread; computes P(x).
Evaluates matrix distribution
r/o = 2F.P(x)
X
o__ ■<? .mm cmm 
%  > ! •
Evaluates clast rich distribution
y #  = f + [2(P(x) - 0.5) (100-F)J
D > Smm f i n
°3
OPERATION
c. = 0.196854 STO 1
ci = 0.115194 STO 2
c, = 0.000344 STO 3
cj = 0.019527 STO 4
Sor-tt. (0 units) STO 7
' W a l l  (0 units) ST0 6
p = °overa11 STO 8
°matrix 
F» the % at the split
size STO 9
Enter D^; press jAj program displays x^ then y%.
TABLE B-6: HAND CALCULATOR PROGRAM TO COMPUTE GRAIN SIZE ESTIMATES 
- FOR GIVEN PERCENTAGE PASSING FOR BIMODAL CUMULATIVE
SEDIMENT DISTRIBUTION.
1. hLBL A
2. hCF 1 Initializes program; stores Z%
3. STO .0
4. CHS
5. 2 Computes
6. glox 7
7. + A(Z) = -0.6 ln( jofar)
8. RCL .0
9. x=*y
10. T
11. fLN
12. .6
14. X
15. CHS
16. GSB 1 .........
17. +■ Transfers control to subroutine that
18. STO'i-'I.____________\ ___________ computes B(Z) _______  _
19. GSB 3 Transfers control to subroutine that
20. RCL fl computes C(Z)
21. - Then computes:
22. CHS XflYraTr l\a A(Z) + B(Z) + C(Z)
23. hRTN .
24. hLBL 1 ' “ " ’
25. RCL .0 •
26. 50
28. - Computes
29. gx >0? o a .
30. hSF 1 B(Z) - e (jJ ) - e p (j)
31. 3
32. hyx where *6 = +12.942
33. 1.112 £ = +6.1662
38. gl0x j = (Z-50)
39. CHS
40. gex
41. x
42. RCL .0
43. 50
45. -
46. .79
49. glOx
50. CHS
51. gex
52. x _______________________________________________ ■
1:-Sh '
56. RCL .0 „
57. 9.7 where t= sin( / l - ] r  tf(z+S) + 0)
60- + + S )  ’
61. gRAD
62. STO .0
63. .1522
68. STO 9
69. X .....0(z+S )
70. .3464
75. STO .1
76. X
77.
78.
CHS
gex e- J  ft(z+S)
79. RCL .1
80. gx2
81. CHS
82. 1 . • .
83. +
84. f
85. STO .1
r—rnmmmm—
J
86. ».
87.
88. 
89.
RCL .1 
gsirrl 
RCL .1
.....0 = sin
90. RCL 9
91. X
92.
93.
94.
RCL .0
X
+
.....y i ~ f 2'.rt(z+S )
95. fSIN
96. X
97. .1053
102. X .....k( )
103. hF? 1
104. CHS
105. gDEG
106. hRTN • .....completes computation of C(Z)
107. hLBL B
108. RCL 7
109. - Computes D0 p • 
x0(calc 2)' ( o- '110.
111.
RCL 6
112. gx <  0?
113. hSF 2
114. hABS
115. RCL 8
116. hyx
117, hF? 2
118. CHS
119. hPSE
120. x ^ y
121. hCF 2 Accumulates xjj^aic ^ f r o m  y register
122.
123.
f 2 +
hRTN and xj5 c^aic 2)from x register 
into statistical registers •
OPERATION
PRESS IfPRGM
[flgn ....  clear and initialize calculator
STORE |or/A STO 7
or STO 6
overall
p STO 8
For known sediment distribution values of percentage passing at a 
given grain size, enter a suite of data pairs to fit distribution 
curve:
1. Enter % passing 1% press[a]
. Program displays X0 ^ca-]c jjthe value corresponding to
grain size for normal distn.
2. Enter D^, the grain size in 0 units pressff]
Program displays x^^ca-jc 2^the value deduced from the
statistical parameters 
entered^ , 0" and p 
Then program displays count number, the number of data 
pairs entered.
3. Repeat 1 and 2 for as many pairs as known
4. On completion of data entry,
Press|T][L.R'j; program displays c^ a sorting coefficient 
indicating the displacement of the 
fitted distribution from the split 
size being located at the 50% point.
If Cj is positive, the 50 percentile
value is finer than the split size, and 
vice versa. The value of the 50 
percentile can be estimated from 
(?-+ c1 ) in 0 units.
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5. Press jx^yj
Program displays m, a measure of the skewness of the 
actual distribution from the theoretical distribution; 
if m is greater than 1 it indicates that the fine 
fraction of the distribution dominates with a corres­
ponding paucity of coarse clasts; conversely, if m is 
less than unity, the actual distribution is skewed to 
the coarse side.
6. To evaluate the grain size at any given percentage 
passing, it is now only necessary to enter the value, 
press[Aj> wait for the program to display ^ aic y
then p res s[¥JE 3»  the program w ill
display an estimate of Xjg^ca-|c 2 )'
7. To convert this value to grain size in 0 units, it 
should.be noted that
D0 = °'P/ ' 0 + ?
The routine to accomplish this simple transformation 
is:
X. RCL 8
2. h 1/x
3. hyx
4. RCL 6
5. x
6. RCL 7 •
7. +
When all keystrokes have been completed, the final 
value is the estimated grain size in 0 units at the 
percentage passing.
8. To convert this grain size in 0 units to mm the following
keystrokes may be used:
• 1. CHS
2. 2
3. x^.y
4. hyx
APPENDIX C
PROGRAMS FOR EVALUATION OF 
SHEAR STRENGTH FAILURE CRITERIA.
C.l. GENERALIZED SHEAR STRENGTH FAILURE CRITERION '
The method of analysis presented in this appendix for calculating 
geoteehnical parameters at any stress range along a prescribed 
failure surface and proven by test data is based on the premise 
that the overall form of the Hvorslev section of the general 
failure surface describing most materials can be approximated 
by an equation of the form:
q = ■
1 + Bp ■
where the test data and failure geometry is presented on a 
standard p ’q plot of axial and deviatorial principal stress 
components expressed in cylindrical form.
The derivation of the expressions used to form the basis of the 
hand calculator program presented on Table C'-l is given in 
Chapter 11 of the main text in discussion of Figures 104 to 109. 
Examples of the use of the program are given on Figures 110 and 131
C.2. STRUCTURALLY INFLUENCED FAILURE CRITERION 
The analysis of the influence of fissure orientation on the 
measured strength of a vertical or angled sample can be readily 
determined from consideration of the geometry of the controlling
Mohr circles (see Figure 111 of main text). For assumed straight 
line fissure envelopes, the friction angle and cohesion in 
effective stress terms along a fissure present in the sample at a 
known orientation can be computed from the following relationship-:
- P sin0 1 sin2o6
01 = tan"*   5 _  -
f L.1 + sin0 fcos2oi,s s
' and o- = ( ^ -  - p;)tan0i.
s
where 0' and are the friction angle s s
measured for the shear test on the 
sample and the dip of the identified 
discontinuity within the sample 
respectively,
and where q and p 1 are the principal s s
effective stress components
determined for the sample.
For situations where data from elsewhere is being analyzed and the 
full triaxial information is not presented, the principal stress 
components can be derived•from: '
<3'^sin0t + c ’cos0,
Q — —  , Li iw  i --------------------------------------- i i  
(1 - sin01) 
and p ’ = + q
provided that the cell pressure is known in addition to the shear 
strength parameters.
The hand calculator program presented on Table C-2 has been
written to process this type of available data. The program
allows the friction angle of the fissure to be determined only
within the applicable range bounded by the fissure dip angles
and oO . , which bound the range within which fissure strength 
max . min
controls overall sample strength. Outside this range, the measured 
sample strength theoretically should approximate that of the matrix 
of the intact, unfissured material in the sample.
Typical examples of the use of the program are shown on Figures 113 
and 115 ior the tills, and Figure 132 for laminae within the clay 
and silty clay rhythmites.
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TABLE C -l: HP 34C HAND CALCULATOR PROGRAM TO FIT NON-LINEAR SHEAR
STRENGTH MOHR ENVELOPE. '
1. hLBL A
2. fFIX 2 Data entry fo r lin e a r regression fo r:
3 • h i/X  nn|
4. x*>y q = —
7. hRTN
c uT/ M 1 + Bp155. h l/x  . A UH 1 . 1 p
6. f2I+ restructured j -  = + xq A’ p' A
8. hLBL 0 "
9 hLRin ’ -fpty a Evaluation of slope and intercept
11* x ^ y  s^ a‘i9h‘t  ^ine Plo t
12. h l/x
13. STO 7
14. R/S  A
15. x
16. gx<0?
17. 0
18. STO 8 -
19. JiRTN_________________________ . . . . . B  ■
20. hLBL B Enter chosen value of axial principal
21. fFIX I  stress, component p‘ ~.cfi + cri
22. STO 9 ________  1
23. Tc Tl  s----------------  — --------------------------------■-------------- £---------- ---------
24. x •
25. RCL 9 Evaluate deviatoria l principal stress
26. RCL 8 component q s Ap' / ( 1  + Bp‘ ) ,  where
27. x q =(0*: -  cf')/2
28. 1 1 *
29. + ■
30. STO 6
31. f
32. STO .0
33. R/S
34. RCL 9
35 . CHS Evaluate cr‘ = p1 -  q, the major
37 STO: 1 principal e ffec tive  stress
38! R/S *  ______________________________
39. RCL .0
40. 2 Evaluate cr' « 2q + cri, the major
41. x ' e ffe c tive  principal stress
42. +
43. STO .2
44. R/S_________________________________________________________________
45. RCL’ 7      I Z
46.. 2 Evaluate £  = 2A/((1+Bp‘ r  -  A)
47. x /
48. RCL 6
49. gx^
50. RCL 7
607.
51. -
52. t
53. STO .3
54. R/S
55. RCL 7
56. RCL 6
57. gx2
58. *f*
59. gsj'n"1
60. *E
61. fTAN
62. STO .4
63. x ^ y
64. R/S
65. RCL .2
66. RCL .3
67. 1.
68. +
69. RCL .1
70. x
71. -
72. RCL .4
73. x
74. RCL .3
75. t
76. gx<0?
77. 0
78. STO .5
79. R/S
80.“ T
81. x
82. RCL .4
83. ^
84. RCL .1
85. +
86. RCL .3
87. gx2
88. x
89. STO 9
90. R/S
91. RCL .5
92. RCL .3
93. x
94. RCL .4
95. t
96. gx2
97. STO 6
Determine the effective friction angle,
0 l from
0 ‘ = sin”1 A
d+ Bp ')2
Alsoyw. = tan 0'
Evaluate effective cohesion intercept,
c . = ^ ( « i -  <r3 (i*f))
Determine the slope pa r a m e t e r ^ f r o m
Evaluate (£, the intercept parameter 
from the relationship
2 ^ 2
~ r
OPERATION
1. Pressjf]jSlto clear statistical registers
2. Enter pjj press [ENTERS
3. Enter press [XI
Program displays 1.00 to signify first data pair
4. Continue entering data pairs p£, q£ etc until entire 
failure surface or available test data is described
5. Press |GSB]]p]> program displays yield constant A
6. PresslR/Sl program displays yield constant B
7. Any point on the entire failure (Hvorslev) surface can 
now be described.
- enter selected axial principal stress parameter p ‘
- press nn
- program displays q; pressingj~R/s[consecutively allows 
sequential display of ffg, °i» ?  » 0'» c * » $ f and (Jt •
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TABLE C-2: HP34C HAND CALULATOR PROGRAM TO EVALUATE SHEAR STRENGTH
VARIATION WITH DIP OF DISCONTINUITY IN SAMPLE.
1 . hLBL A
2. STO 0
3. RCL 2
4. -
5. gx<0?
6. GTO 3
7. RCL 0 ’
8. hPSE
9. RCL 2
10. hRTN
Determines whether 0sampie greater .than 
or equal to expected value of 0 ,ma-trjx 
Transfers control to label 3
Displays 0'sample then 0'matrix if
0 ' e> 0 '  • s m
1 1 .
1 2.
13.
14.
15.
16.
17.
18.
19.
20. 
2 1 . 
22. 
23.
hLBlTT 
RLCL 0 
hPSE 
0
fSCI 2 
R/S
TFTT ?
fE
fE
2
x
STO 5
X;
Displays 0sample then (0.00...... 00)
indicating data entry required for
o6_. .
fissure
Determines 2 * 6 ,  where *»is the angle of 
the fissure from the 
horizontal when set up 
in the triaxial apparatus
24. RCL 0 ........
25. fSIN
26. STO 6 Calculates:
27. RCL 5
0^ = tan”*
sin0‘ sin2od
28.
29.
fSIN
X
( ---------------_ s ..........................  )
vl+sin0 cos2ot;
30. RCL 6
31. RCL 5
32. fCOS
33. X
34. 1
35. +
36.
gtan~*37,
38. STO 1
39.
40.
41.
42.
43.’
44.
45.
46.
47.
48.
49.
50.
RCL 0 
hPSE 
RCL 1 
hRTN
m c r
STO 4
x ^ y  
RCL 0 
fCOS 
x
RCL 0 
fSIN
Displays 0'sample then 0}issure
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51. RCL 4
52. x
53. +
54. 1
55. RCL 0
56. fSIN
57. -
58. t
59. STO 6
Evaluates
<7gSin0£ + c^gos0^
^  (l-sin0s )
60. RCL 4
61. + Evaluates p^ = O3 + 9S
62. STO 7
63. CHS
64. RCL 6
65. RCL 0 Computes
6 6 . fSIN %  ,
67. i cf = ^sin0 ‘ ' Ps)tan0f
6 8. + s
69. RCL 1
70. fTAN
71. x
72. hRTN
73. hLBL.1
74. RCL 1
75. fSIN Calculates
76. RCL 2 , . _i sin0i
77. fSIN m i n ” + ^sin0|J1
78. i - '
79. gsin” 1
80. RCL 1
81. +
82. 2
83.. t
84. hPSE
85. P F
8 6. STO 3
87. CHS Determi nes
8 8 . RCL 1
89. + <*1 = 90 + 0L . max f min
90. 90
92. +
93. STO 4
94. hRTN
95. hLBL 2
96. STO 8
97. RCL 3 Determines ifo6sample is greater than
98. - <*6 . and less than06 .
99. gx<Q? m m  max
100.GTO 4
101.RCL 8
102.RCL 4
103. -
104.gx>0?
105.GTO 4
611.
106.RCL 8
107. 2
108. x
109.RCL 1
110 . -
111.fSIN
112.hl/x
113.RCL 1 
114-fSIN
115. x -
116.gsin
117.GTO 5
If within specified range...
i si n0L
^sample = sin (sin(2o6-0^
118.hLBL 4
119.RCL 2
120.hLBL 5
121.hPSE
122. E
123. E
124. 2
125. t
126. 45 
128. + 
129.hRTN
Otherwise 0 ‘ , = 0' . .^sample ^matrix
Displays computed 0sampie and then 
displays angle of shear plane 0.
OPERATION
1. STORE value of 0' . . in STO 2matrix
Enter value of 0' for sample
PRESS [A] ___________
Program-displays 0 ‘; then a)]0.00 001if"data input required
or b) value of 0;atrix if 0sample*  V t r l x
If data input requested
Enter©6, the angle of fissure/discontinuity from horizontal when set 
up in triaxial apparatus
Press IR/S]
Program displays measured 0samp-|e > then estimate of 0fissure
2. To determine c|.fissure
Enter csample’ Press[ENTER+
Enter cri under which triaxial test performed 
Press [Si
Program computes and then displays cfjssure
3. To determine range of fissure angles relative to triaxial cell set 
up for which sample strength is less than matrix strength
Press iGSBim
Program displays © 6 ^ ;  then © 6 ^
Pressing x^y] allows either value to be displayed.
4. To determine angle of shear plane that develops when sample containinq
discontinuity at anglecois tested to failure in the triaxial apparatus
- Enter
- Press [GSBlffl
- Computes shearing angle 0
-Program Displays computed value of 0« • then 0, the angle of
the shear plane to the horizontal. sample
APPENDIX D
SLOPE STABILITY COMPUTATION METHODS
D.l General
The various soil mechanics methods of slope analysis that are 
considered applicable to the assessment of the stability of slopes 
in glacial materials are discussed in Chapter 12 and tabulated on 
Table 21. In this appendix, the computational techniques used 
to develop the figures included in Chapter 12 are discussed where 
the graphical solutions have not been provided within the main text 
of the thesis.
D.2 Janbu Simplified Non-Circular Analysis
For the analysis of the majority of failures of the river-sides of 
the drumlins, the simplified Janbu method has been utilized as the 
procedure allows ready computation of non-circular surfaces with a 
variety of different materials.
The method has been programmed by the author both for hand calculator 
use and for use on a desk-top computer. .
The hand calculator program is given in Table D-l in two segments 
for ready computation on the smaller programmable hand calculators.
On machines such as the HP 67 or others with card memory facilities 
or larger available program lines, the program can be programmed in 
its entirety.
The two segments of the program comprise an initialization and data 
entry routine and an iteration routine. .
The program is set up to solve the identity
j* c^ ' *( ^ h-u)tan01 )Ax
nQ
F = f    SL.--------
o
yi (frhAxtanQ) + Q
where na= cos20(l+tan©-~^-)0 F
c * — effective cohesion on base of
slice
0»= effective friction angle on base
of slice
u = pore water pressure for slice 
Ax= slice width 
h = slice height
^ = average bulk density for slice
0 — angle of base of slice to
horizontal
Q = earthquake or lateral force
exerted on slice
f = factor for interslice friction o
effects
. F = overall factor of safety.
For hand calculator programming, this identity can be expressed as:
F = f -1+7/F
o 2 Z  + Q
The first part of the hand calculator program evaluates the values 
of X,Y and Z for each slice, while the second part of the program 
iterates to determine the value of F. ,
The program for a desk-top computer is given in Table D-2. It 
differs from the hand calculator program in a) allowing up to 50 
slices and b) allowing variation of one or all material parameters 
throughout the slip surface whilst still retaining the overall, 
geometrical slice data in storage. This function allows fast 
sensitivity analyses to be undertaken, as required for example to 
plot the graphs given on Figures 162 and 163 in Chapter 12.
D.3 Rigorous Janbu Generalized Procedure of Slices
In order to undertake detailed back-analysis of the small scale 
(20m high) slip on the east side of the drumlin for which the precise 
geometry of the failure surface was determined, the author used 
Janbu's generalized procedure of slices which incorporates the effects 
of inter-slice friction.
The overall equilibrium failure surface equation solved by the hand 
calculator routine presented on Table D—3 is as follows: .
b
+ tan 0)
E& - Efa + 2  (AQ +■ (p+t)tan@Ax)
where p = Aw/Ax 
t = AT/Ax
XL = c ' + (p+t-u-Xtan0)tan0'f
However, for computation, this can be simplified to:
b
21 AaF +=
E - E, + S B  a b a
2
where A = ~C,,Ax(l + tan 9) f
B =s A Q  + (p+t)Axtan©
A*where A can be evaluated from A = —
n0
where A' = (c' + (p+t-u)tan01 )Ax 
and n@ is as given for the
simplified Janbu method
In addition to solving the overall factor of safety, values of the 
shear and normal stresses along the- failure surface and between 
individual slices can be computed. The equations for determining 
these stresses are given on Table D-3 alongside the hand calculator 
program key strokes.
D.4 Bishop Simplified Analysis Modified for Computation of Average 
Shear and Normal Stresses on the Failure Arc
To determine the stresses that existed within old failures at the 
moment of failure, it is instructive to use the procedure of Kenney 
(1966) in order to develop a critical stress curve for the materials 
comprising the failure surface.
For computing the stresses at failure it is not necessary to undertake 
rigorous analysis of the failure surface. Rather it is more 
efficient to undertake a series of circular arc analyses using the 
minimum number of slices, as has been undertaken as shown on Figure 
158.
The computational procedure used by the author to determine the 
shear and normal stresses has therefore been based on a straight­
forward extension of Bishop’s simplified method of slices,, for which 
the governing equation is:
/QAx + (w-uAx)tan0’v 
2  .
F = ----------------------
.2 wsin©-
where = cos©(l + )
This can also be split in the same manner as adopted for the Janbu 
procedure, i.e.:
-g X
1+Y/F
S Z
. „ c' + (J{1i-u)tan0,^ xwhere X = ■ >„ ■ - — ,
cos©
Y =s tan©tan0 *
Z = Ax$hsin9
This approach then allows ready computation of the shear and normal 
stresses on the failure surface as:
r  =
Ax/cos©
anJcr- .  EEz
n tan0’
In developing the hand calculator program given on Table D-4, the 
author has not incorporated any allowance for earthquake or other 
lateral forces as the intention of the program is for use as a 
back-analysis tool. Furthermore, as the absolute value of the 
factor of safety is not important and the values of shear and 
normal stress sire relatively insensitive within a small range of 
factor of sefety, the author has developed the program for a 
maximum of four slices only as this proves to giveTand values 
within 1 or 2% of those given by a more rigorous analysis using 
many more slices.
TABLE D-l(a): INITIALIZATION ROUTINE AND COMPUTATION OF PARAMETERS
X,Y & Z FOR EACH SLICE FOR FAILURE ANALYSIS BY JANBU'S 
METHOD OF SLICES.
1. 1
2. STO+7
3. RCL 7 Displays slice number
4. R/S
5. STO 1 Data entry ....Ax, slice width
6. R/S
7.
8.
STO 2 
R/S
.... h ^ ,  slice weight
9. STO 3 .... p .  piezometric ht.
10. fPSE r z
11. RCL 0
12. X m ■ computes pore pressure parameter r,
13. RCL 2 u .
14. •
15. R/S
16. STO 4 Data entry .... 0 , base angle
17. fPSE
18. RCL 0
19. RCL 3
20. X
21. CHS
22. RCL 2
23. +
24. RCL 5
25. fTAN
26. X
27. RCL 6
28. +
29. RCL 4 Compute
30.
31.
fTAN
gx X = (c,+($’h-^wPz )tan 0 1)(l+tan28)Ax
32. 1
33. +
34. X
35. RCL 1
36. X
37. R/S
38. RCL 5
39. fTAN Compute
40.
41.
RCL 4 
fTAN . Y = tan 0 tan 0'
42. X
43. R/S
44. RCL 4
45. fTAN Compute
46..
47.
RCL 2
X Z = Axfotan 0
48. RCL 1
49. X
OPERATION
1. Press IT] |ral GO
[7]Ip r g mI 
E l  |rk! to initialize calculator
2. For each slice;
Input ^  Press ISTOI[Ol
Input 0' Press fSTOf Fsl
Input c' Press |ST0[ |T1
3. Program is now ready for dimensions of slice.
Press R/S
4. Program will display Slice No,if first slice - 1
Input Ax Press 1R/S
Input hfl^  Press [R/S 
Input pz Press R/S ; program will display ru value
5. Check that 0 ‘ and c' values previously input are correct for the 
slice being examined, if not re-enter 0' or c' as appropriate into 
store 5 or 6 respectively.
6. If 0 ‘ and c' are O.K., or have been re-entered 
Input 0 Press R/S
Press |R/S 
Press 
Press
R/S
R/S
program will display X 
program will display Y 
program will display Z
program will re-initialize at step 4 for data for 
next slice requiring computation.
6 2 0 .
TABLE D-l(b)
ITERATION ROUTINE FOR EVALUATING ' 
FACTOR OF SAFETY (Maximum 7 slices)
(PROGRAM CODE FOR HP34C HAND CALCULATOR)
1.
2.
3.
4.
5.
6.
7.
8. 
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20. 
21 . 
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
hLBLA
GSB5
hLBLl
1
STO+5
RCL5
initializes program by defining 
number of slices on slip surface
R/S
STOf(i)
gISG
R/S
STOf(i)
R/S
STO+O
gISG
GrTOl
0
data entry
X . , Yj, Z. for each slice
until count complete; then 
program moves to next segment
R/S Adds Q, to value of EZ
STO+O
1
hLBL2 ___  sets initial Factor of safety = 1
ST03 .... stores iteration value of F. of S.
RCL1
STOfI ___  resets counter for determining data stores
for number of slices ‘
0 specified
ST04
hLBL3
RCLf(i)
gISG recalls X.. and Y^
RCLf(i)
RCL3 calculates
1
+
y x
L i+y/F
STO+4
gISG
GT03
r c l £
RCL4
X
Y
Evaluates fo E y+yTp—
RCLO
Divides by ZZ+(X
ST05 calculates new factor of safety
RCL3 . 
hPSE Displays previous Factor of Safety
hABS
3
CHS
glO
fx=£y?
Evaluates if calculated Factor of Safety 
is within 0.001 of previous iteration
52. &T04 if iterations not close, continue
53. RCL5 or
54. R/S display final safety factor
55. hLBL4 sets new factor of safety as yalue for
56. RCL5 next iteration, returns to LABEL 2
57. ST02
58. hLBL5
59. 2
60. X sets control for counting down
61. 5 number of slices required
62. + on slip surface
63. EEX
64. 3 stores value in STORE I
65. V
66. 6
67. +
68. ST01 •
69. STOfI
70. hRTN
OPERATION
1. Input No. of slices (2 to 7)
Press [A] . • " .
Program displays. 1 indicating "ready for data, entry first slice"
2. Enter X-., Y-|, Z-j after each press fR/s]
Program will then display 2 . •
Repeat data entry for X£, Y^, Z^ until all slices entered
Program will then display 0
3. Input selected value of fo (if utilizing this program for the
rigorous procedure enter 1.00); press {STO][2} .
4. Input Q., earthquake force or lateral pressure effect press 1R/s]
5. Program will initially display 1.00 and then subsequent iteration 
values until halting at best estimate Factor of Safety for the * 
surface under analysis, or if utilized for the rigorous procedure 
for the particular interslice iteration under consideration.
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TABLE D-2: HP85 COMPUTER PROGRAM FOR EVALUATING-STABILITY OF
NON-CIRCULAR FAILURE SURFACES USING JANBU SIMPLIFIED ANALYSIS.
9 
1 0 
1 2 
1 3
14
15
1 6
1 7
18
1 9
20
21
O OC-
w  - J
2 5
26
30
3 1
3 5
36 
3 8  
4 0  
4 5  
5 0
- 60 
3 8  
90 
1 00 
102 
105 
107 
118 
111 
112
1 1 4
1 1 5
1 1 6
1 1 7
1 1 8  
1 2 8  
121 
1 3 1
REM JftNBU S T A B I L I T Y  A M A L Y S I S  
*
R2=8 
V 0 = 0 
R 1 =0 
H 1 = 0
0 1 SP U S I N G  16 0 0 
I N PU T N 
O P T I O N  B A S E  1
D IM X 5 0 > . G < 5 0 ) , P k 5 8 ) , fi < 5 0 ) . 
0 ( 50 > . C < 50 > . X 1 < 50 > . Y < 58 > , Z < 5 
8 ) .■ H 5 0 ) , P 1 l 5 0 ')
I. PROGRAM INITIAL­
IZATION
SPECIFY REQUIRED 
NUMBER OF SLICES' 
(2 to 50).
140
1 4 1  
1 4 4
150
1 5 1  
1 68 
169 
1 70 
1 7 5
DISP "UNIT WEIGHT-:. WATER;'"INPUT W1
G O S U B  2 0 0 0
FOR 1=1 TO N
CLEfiR
DISP USING 1580 ; I 
DISP "SLICE WIDTH"
INPUT X1CI>
DISP "SLICE HEIGHT"INPUT H<I>
DISP "UNIT WIDTH WEIGHT,GH" INPUT G<I>
DISP '*PIEZOMETRIC HI."INPUT Pl(I) ‘
P<I>=P1CI> '
DISP “BASE fiNGLE"INPUT fiCI>
GOSUB 5900 
H1=H1+H <I>
DISP "FRICTION fiNGLE"
IN PU T 0 < I >
OISP "COHESION"INPUT CCI)
IIA.DATA ENTRY AND 
TRANSFER CONTROL 
TO SUB-ROUTINE 
5900 to compute 
r , then transfers 
control to 
SUBROUTINE 5500
•JX L_« O •-* K* nJ
IF M=0 THEN GOTO 28 
DISP USING 1088 
NEXT I CLEfiR
IIC.DATA VERIFICATION
FOR 1=1 TO N 
GOSUB 4080 
NEXT I
IIIA. DISPLAY DATA 
ENTRY
Z2=8
FOR J=1 TO N
X < J > = < C < J > + c: G < J > -p J > £W 1 > '^Tfi 
N < O < J > > >*<1+TAN<A t. J > > 2 t X1 < 
J> .
IV.COMPUTE VALUES 
OF x, y and z 
FOR EACH SLICE
Y c; J > =TfiN < fi < J > > STAN < O <C J > >
Z< J> =X 1 < J>:£G< J> *TAN C A< J> > 
22=Z2+Z<J)
PRINT U SIN G 10 0 0 ; .J, X < J , Y (. J ) , Z < J >
NEXT J
• *
OISP "FACTOR OF SAFETY" 
OISP " ITERATIONS'1 FI = 1
FOR 1=1 TO N
6 2 3 .
X 2 = X 2 + X < I > < 1 + Y <. I ) / F 1 > 
NEXT I
F = F 0 $ X 2 ••■' <Z2 + Q >
X2=0DISP USING 1808 ; FI 
IF RES<F-F1> <=.081 THEN 
190 
F1=F
GOTO 175
PRINT USING 1078 j F,R2 
JS1NG1071.
GOTO
SP USING 
DISP USING 
INPUT V
IF U<=0 THEN GOTO 888 
IF V>1 THEN GOTO 88©
PRINT USING 1088 
f'LERR
D I S P  " ....... V A R Y Fo RN D -- 0 R Q ?II
DISP USING 1085 
INPUT V8
IF V8 = l THEN GOTO 2135 
r ; L E R R
DISP '* VARY PORE-PRESSUR
E?"DISP USING 1885 
INPUT VI
IF Vl=l THEN GOTO 5888 ,
CLEAR
DISP*" VRRY FRICTION fiNG
LE?"
DISP USING 1885 
INPUT V2
IF V2=1 THEN GOSUB 6888 ___
Cl ERR
OISP ......VflRY COHESION?"
DISP USING 1885 
INPUT V3
IF V3=l THEN GOSUB 7868 
GOTO 288 
DISP " END OF PROGRAM“
STOP  _______
176 
178 
188 
183 
1 84
185
186 
187 
198 
191 
288’
285 
210 
2 1 5  
218 
219 
228 
221
2 2 2
223
224 
228 
229
238
237
238
239 
248
241 
245
248
249 
258 
251 
255 
258 
268 
888 
9881808 IMAGE "SLICE #=", DO X = " , 
DDDDDDDDDDO . D D D D D , "Y = " , 5X 
, OO . OODOO, "2 = " DODODDODDDD 
. DDDDD , 2/“
1805 IMRGE 
1088 IMAGE 2/
1858 IMAGE 2/, "FOR C ‘,8 * MATER I 
AL",s "CHORD LENGTH"
1868 IMAGE 2/, "INTERSLICE FRICT 
ION, Fo = " ,DD.ODD , s
1063 IMAGE 6X,"D = " ,ODD.ODD,2X, 
"L = *•;DDDDD . ODD,
1064 IMAGE s ,6X,"PROFILE SHAPE, 
D^ 'L=" , ODD . DDD
1865 IMRGE 2s, "TENSION CRACK ", 
Sj "WATER PRESSURE OR HOR 
IZONTflL EARTHQUAKE FORCE"
V. COMPUTE FACTOR OF 
SAFETY AND DISPLAY 
FACTOR OF SAFETY 
AND ru. _
18 
1885 VI. OPTION TO VARY ALL 
SLICE MATERIAL 
PARAMETERS
A)ALTER f OR Q
 .TRANSFER TO 2135 _
B)ALTER PORE PRESSURES 
 TRAJSFER JO 5 0 0 0 _
C)VARY 0'
TRANSFER TO 6000
D)VARY c'
_______     TRANSFER TO_70£0_
VII. END OF PROGRAM.
PRINT STATEMENT FORMATS
13 66 IM AGE / , 3 X, " T E N S I 0 N C R fi C K " , 
/,“WATER PRESSURE OR HORIZO 
NTAL"
1067 IMAGE “EARTHQUAKE FORCE =", 
ODDODODDD.DDDD ,
1070 IMAGE 3/, 1 FACTOR OF SAFETY,
F =“, DO.DD,/,"PORE PRESSU RE, Ru = ",DO.DO,4/
1071 IMAGE 7X,
*“,5/
1075 IMAGE 2/,“PUP. CONDITION = “
, D, 2/
1076 IMAGE 2/," 1 . . . . 50*; HEAD
INCREASE 2. . . 1007:
SATURATED 3...
. DRY"
1077 IMAGE 1 4 .... A S 0 R IGIN A L
PUP . “
■1033 IMAGE /,“ VARIATION OF PAR AMETERS " ,/
1085 IMAGE “ YES = 1 ; NO =
8 " , 2/
10*39 IMAGE “SLICE #=*" , OD , 3X, "PIE
z . h t . = ” , d o o d . d o ;
1033 IMAGE “SLICE # = “,00,3X,"FRI
C.ANG =“,000.00 •
1035 IMAGE 2/"HEW Ru VALUE =“,00 
.00,2/
1500 IMAGE 2/2X, "SLICE #• =“,
ODD ,‘2X, 2/
1600 IMAGE 2//12X,"JANBU",/,9X," 
NQN-CIRCULAR“,/,SX,“STABILI 
TV ANALYSIS",3/, “NUMBER 0F 
SLICES"
1733 IMAGE “SLICE #=",DO,3X,“COH 
ESI ON =“,000000.00 
180© IMAGE 12X,ODD.DODDO 
1300 IMAGE /,"I=",D0,2X,“R2=",00 
0.DO,2X,"R1=“,DODO.DD
2 0 0 0 teti
2010 REM ** HEADINGS **
202© REM
2030 IMAGE 7X," JANBU"
2040 IMAGE 7X," NON-CIRCULAR " 
2050 IMAGE 7X,“STABILITY ANALYSI 
S“ , 3/
2070 IMAGE 2/,"NUMBER OF SLICES" 
,3X,DODD,2/
2030 IMAGE
2035 IMAGE “UNIT WT.<WATER>“,2X, 
DODO.000,2/
203 6 CLEAR
2100 PRINT USING 1871
2105 PRINT USING 2038
2110 PRINT USING 2040
2120 PRINT USING 2050
2125 PRINT USING 2070 ; N
2130 PRINT USING 2035 ,* W1
2135 01SP " t ' =0' THRuUCHfTDT7 1
2136 DISP USING 1885
FORMAT STATEMENTS 
(CONTD).
DISPLAY FORMATS FOR 
FAILURE SURFACE 
GENERAL DATA
Via. OPTION
625.
2149 INPUT T
2144 IF T=1 THEN G 0 T 0 2150 _
2143 DISP USING 1050
2143 GOTO 21512150 DISP "CHORD LENGTH I
2151 INPUT L
2152 DISP "CHORD DEPTH"
2155 INPUT D
2156 IF T=1 THEN GOTO 2160
2157 F0=1+.5*<D^L-1.4 *<D^L>*2^158 GOTO 2163
2160 FS = 1 +•. 31 *<Qs L -1 . 4* <D^L >
2163 B-D/'L
2164 CLEAR
2165 PRINT USING 1064 j B
2166 PRINT USING 1@63 D ji L
2167 PRINT USING 1060 ) F 0
2170 DISP USING 1065
2171 INPUT Q -T'
2175 CLEAR
2130 PRINT USING 1066
2131 PRINT USING 1067 Q
2130 IF '.,‘0=1 THENi GOTO 1.63
2135 RETURN
EVALUATE NEW c' VALUE
INPUT SURFACE GEOMETRY
DETERMINE f  FROM 
ALGORITHM 0
INPUT NEW Q
4000 REM4001 REM **SLICE PARAMETERS** 
4003 REM4003 IMAGE "SLICE WIDTH " .• 2X. 
DDDD . DO,
4010 IMAGE "UNIT WIDTH WT. ",ODD 
D D D  . DD.* /■ -
IIIB. DISPLAY DATA 
ENTRY
4815 IMAGE "SLICE HEIGHT !
DODD . OD, /- 
4028 IMAGE "PIEZ.HT. 1
DDDD.DD, s 
4038 IMAGE "RU 
DDDD . DD , ✓
4940 IMAGE "BASE ANGLE 
DDDD . DD. s 
4280 IMAGE "FRIC.ANGLE 
DDDD . DD. s 
4250 IMAGE "COHESION 
DDDD . DD .• 3-'*
4238 IMAGE 2 "SLICE NUMBER 
4X, DDDD, 2
DATA DISPLAY
DATA ENTRY DISPLAY 
(CONTD).
4350 PRINT USING 4280 J I
4408 PRINT USING 4008 J X 1(1)
44 10 PRINT USING 40.15 H < I >
4420 PRINT USING 4010 J G < I >
4440 PRINT USING 4020 ; P < I >
4450 PRINT USING 4030 j R (I >
4460 PRINT USING 4040 i a < n
4470 PRINT USING 4280 } OCI>
4480 PRINT USING 4250 * C < I)
4490 RETURN
5008 REM 
5085
5010
5015 
5020
5830
5831
5 8 3 2  
5033
5 8 3 5
5 8 3 6
5 0 3 7
58385842
5043
5044
5045 
5846 
5047 
5848
5049
5050 
505! 
5052 
5055 
5857 
5868
5861
58625863 
5065 
5070 
5073
DISP ".......Ru OR RANGE OF
Pz?n .
DISP " ENTER..1 OR......
. . 0  n * R 1=8 .
INPUT V5
IF V5=1 THEN GOTO 5188 
CLEAR
PRINT USING 1076 
PRINT USING 107?
DISP USING 1008
DISP “ VARY PWP. ASSUMPTION
DISP USING 
DISP USING 
INPUT V6 
PRINT USING
1076
1077
VIB. OPTION
EITHER VARY ru OR
SELECT RANGE OF 
PIEZOMETRIC 
HEIGHTS FOR:
(i) 50% head increase 
(ii)100% head increase 
(i ii) Saturated 
(iv) Dry
IF ',‘6=1 
IF ','6=2 
IF ‘,'6=3 
IF ','6=4 
RETURN 
FOR 1=1
THEN
THEN
THEN
THEN
TO N
1075 . 
GOTO 
GOTO 
GOTO 
GOTO
V6 
5049 
5 035 
5094 
5060
P<I)SP1<I)+<H(I>-P1(I))s2PRINT USING 1090 j I,PCI)
GOSUB 5900
NEXT I
GOTO 5878
FOR 1=1 TO N
P(I)=P1(I>
GOSUB 5900
PRINT USING 1890 ; I,P<I> 
NEXT I
PRINT USING 1008 
CLEAR
5875 
5088 
5885 
3 0 8 6  
58 88 
5098
5891
5892
5894
5895
5896
5897
5 8 9 8
5899 
5 1 8 8
5181
5182 
3186
5183 
5118 
5148. 
5150 
5280 
5250 
5308 
5488 
5508 
5501 
5582 
5585 
5518
5520
55385548
5900’
5918
5958
5965
5998
6880
6812
6815
6018
GOSUB 6580 
GOTO 117 
FOR 1=1 TO N 
P <I> =H <I>
GOSUB 5988
PRINT USING 1890 ; I,PCI)
NEXT I
GOTO 5870
FOR 1=1 TO N
P < I >=8
GOSUB 5908
PRINT USING 1890 ; I,PC I) 
NEXT I
GOTO 5870 _OISP USING 1608 —  ■ - -
DISP " INPUT NEW Ru VALUE 
INPUT R2
PRINT USING 1095 j R2 
FOR 1=1 TO N 
P<n=R2*G<I VW1 
PRINT USING 1890 j I,P<I> 
NEXT I
PRINT USING 1088 
CLEAR
GOSUB 6500
GOTO JJJ__________________
REASSIGN Pz VALUES TO 
SLICE REGISTERS
REASSIGN NEW Pz VALUES 
FROM NEW ru SPECIFIED
:wREM 
REM 
DISP 
DISP " 
K?"
DISP “ 
INPUT M 
TURN
**SDATA CHECK***
USING 
” ALL
YES
1888
DATA
IIC. DATA VERIFICATION
ON SLICE 0
!M CALCULATIONS***
R < I > =P<I> #W1sQ<I>
R 1 = R 1 +R < I >#H ( I >
IMAGE .5X, ,,I = ,,,DQ,2X, “Rys’UD 
D.DD,2X, “ H=M, DO . DO 
RETURN
IIB. COMPUTE ru
REM
PRINT USING 1085
PRINT H ALTERED FRICTION A
NGLES"
OISP " NEW FRICTION ANGLE,0
6820 INPUT 0
6838 DISP “ NEW 8* REQD. FOR SLI 
CE #“
6848 INPUT K 
6858 000=0
6960 DISP "ANY OTHER SLICES?
VIC. OPTION
ASSIGN NEW 
FRICTION ANGLES
6061 OISP "IF YES, ENTER SLICE
IF NO ,ENTER 0"
6062 INPUT M2
6063 IF M2=0 THEN GOTO 6200
6064 K=M2
6065 DISP " SAME 0' VALUE?"
0
6 8 6 6 DISP USING 1085
6067 INPUT M6
6068 IF M6=0 THEN GOTO 6018 
6095 CLEAR
6100 GOTO 6050 .
6200 PRINT USING 1008
6201 FOR J=1 TO N
6202 PRINT USING 1093 ; J,OfJ)6293 NEXT J
6204 PRINT USING 1008 
6210 CLEAR 
6215 GOSUB 6500
6220 GOTO 118 ______ ______
6 5 © 0 R E M * * * 0 IS P L A Y F o A N 0 Q * £ £ £ LIST 1093 
6585 PRINT USING 1060 ; FA
6510 PRINT USING 1866
6511 PRINT USING 1867 ; Q
6520 PRINT USING 1083
6808 RETURN
6900 RETURN________________________
7000 REM
7812 PRINT USING 1085
7815 PRINT ” ALTERED COHESION- VALUES"
7813 DISP “ NEW COHESION, C ‘"
7828 INPUT C
7038 DISP " NEW C  REQD. FOR SLI CE #"
7048 INPUT K 
7058 COO=C
7860 DISP "ANY OTHER SLICES?
(I
7861 DISP "IF YES,ENTER SLICE #;
IF NO ,ENTER 8"7062 INPUT M3
7863 IF M3=0 THEN GOTO 7288 7064 K —M3
7865 OISP " SAME C ' VALUE*“
7866 DISP USING 18S5
7867 INPUT M5
796.8 IF M5=0 THEN GOTO 70137895 CLEAR
7100 GOTO 7850
7280 PRINT USING 1808
7201 FOR J=1 TO N
7202 PRINT USING 1793 ; J,CCJ>
7283 NEXT J
7284 PRINT USING 1883 
7210 CLEAR
7215 GOSUB 6580 
7228 GOTO 118 
7980 RETURN
REASSIGN 0' VALUES 
TO STORAGE REGISTERS
DISPLAY f AND Q
VID. OPTION
INPUT NEW 
COHESION VALUES 
AND STORE IN 
RESPECTIVE 
SLICE REGISTERS
TABLE D-3 629.
• HP25 HAND CALCULATOR PROGRAM FOR 
EVALUATING INTERSLICE EFFECTS FOR 
GENERALIZED PROCEDURE OF SLICES 
(To be used in conjunction with programs given 
on Tables D-l(a) and D-l(b))
1. STO 1
2. R/S
3. STO 2 Data only X. Y., and Z. for slice #1 ,
4. R/S under consideration
5. STO 3
6. RCL 1
7. RCL 2
8. RCL 0 V
9. compute a 1 
M — y
10. 1
11. +
12. -r
13. fPSE
14. RCL 0
15. 7
16. CHS computes AEQ - Z^ - A
17. RCL 3
18. +
19. STO 5
20. STO+7
21. R/S Data entry X9 , Y9 for slice #2
22. R/S
C  Cm
23. RCL 0
24. -r
25. 1
26. + Computes X2
Y9
27.
28. R/S
29. x ^ y data entry Z0 for slice #2
30. RCL 0
31.
32. - computes AE* + AE« and displays same
33. RCL 5
1 Cm
34. +
35.
36.
R/S
R/S
data entry, slice widths Ax^ and Ax^ for both slices
37.
38.
+
+ computes dE/dx = AE^+AE2
Ax 1+AX2
630.
39. R/S data entry h^
40. x
41. RCL 7
42. R/S computes EEq , interslice horizontal force
43. fTAN data entry 06
44. x
45. - computes To = h dE - Z£n tan a
a dx u
46. R/S -----------------------------------------------------
47. - data entry T from previous interslice
48. SL06 0
49. fPSE computes ATq , interslice difference
OPERATION
1. After completing data entry and evaluation using program 
on Table D-l(a). Input estimate of Factory of Safety; 
Press ISTQI fOJ
Input
Input
Input “I
press
press
press
R/S
R/S
program displays A and then AE
2. Input X£ press 
Input Y2 press 
program displays k z  
Input Z2 press |R/~S| 
program displays AE^ + AE2
3. Input Axir slice width press R/S
Input Ax 2 , slice width press [R/S 
Program displays dE/dx
4. Input h , the hieght of the line of thrust above the 
slip surface at the slice 1/2 boundary
press
Y
program displays ZEq
631.
5. Input oo, the angle that the line of thrust makes with 
the horizontal at the slice 1/2 boundary
press |R/S| 
program displays To
6. Input Tq from previous interslice calculation, enter 0 
if computing slices 1/2 boundary.
press R/S
program displays AT
7. Execute following steps to first compute revised value of
Xpthen estimate of shear stress at base of slice 1, then
value of normal stress at that point and finally value of
new Z-j; thereby allowing repeat of entire calculation
iterations -using program given on Table D-l(b).
KEY STROKE SEQUENCE
1. RCL6 f
... Input 0 slice 1.
2. fTAN
3. x
... Input 8 slice 1
4. fCOS .
5. gx2 ‘
6. T
7. RCL1
8. + . , ,
... computes New X.^  = x^ + AT tan 0
cos2e
... Input 8 slice 1
9. fCOS
10. gx2 .
11. x
12. RCLO ... Factor of Safety
13. v
14.
... Input Ax slice 1
... computes X  -  x ^  cos28
F
... Input 9 slice 1
15. fTAN
632.
16. X
17. CHS
18. ... Input slice weight
19. +
... compute cr* - yh
20. RCL6
... input 0 si ice 1
21. fTAN
22. x
23. RCL3
24. +
... compute new
Thus for each slice the following sequence of steps is followed 
those indicated with an asterisk being computed by the HP25 program 
on Table D-l(a) and those with a double asterisk being computed 
by the HP34C program on Table D-l(b).
* 1. Input slice geometry into initilization program, data on
Ax, hy^, P ,. d , 0' and c' required
Compute X, Y and Z for each individual slice 
Repeat for all slices
** 2. Input X, Y and Z for each slice into program to evaluate
estimate of factor of safety
(setting f = 1 and Q. = 0 as these parameters not
utilized).
3. For factor of safety computed’ by iteration,input X, Y, Z
for each individual slice into program to evaluate interslice 
friction forces
Input X 5 Y and 2  for individual slice and input geometry
of thrust line h, and 06 06
Compute interslice horizontal forces AE , dE/dx and
IE 0
o
Compute interslice shear force To and incremental shear 
force ATo
Compute revised X.and 2  for slice and determine shear and 
normal stresses on base of slice failure surface
4. With new values of X, Y and Z repeat entire procedure from 
step 2 onwards until Factor of Safety utilized to compute 
interslice forces matches that computed by step 3,at which 
point all forces will balance and the unique factor of ■ 
safety for the failure surface will have been obtained.
yh s1i ce 1 
- X , tan 9
633,
HP34C HAND CALCULATOR PROGRAM 
FOR EVALUATION OF SHEAR AND 
NORMAL STRESSES AT BASE OF 
CIRCULAR FAILURE ARC
(BISHOP SIMPLIFIED METHOD)
TABLE D-4
1 . hLBLA
2. fREG
3. 2
4. X program initilization and .
5. 6 allocation of'count' parameters
6. +
7. EEX
8. 3
9. T
10. 7
11. +
12. STO 1
13. STO fi
14. hLBLl
15. 1
16. STO+5 Program control codes
17‘. RCL5
18. fx^y?
19. G-TO 6
20. R/S
~  J  Data entry 021. STO 6
22. hLBL6
23. R/S Data entry, Ax
24. tE
25. tE
26. R/S Data entry, hy .
27. R/S Data entry, Pz
28. • -
29. STO 3
30. hLSTx Compute Z = Axyh,sinB
31. +
32. X
33. R/S Data entry, 9
34. STO 4
35. fSIN
36. X accumulate Ez
37. STO+O
38. gR*
39. RCL4 Determine length of slip surface
40. fCOS along base of slice
41. V
42. STO+2
43. g f  K
44. RCL4
45. fTAN
j
Compute y - tan 0  tan 0
46. RCL6 for each slice and store
47. fTAN accordingly
48. X
49. STOf(i)
634.
50. g R
51. giSG
52. hLSTx
53. RCL3
54. X Compute X = (cf+(yht-u)tan 0 ;)Ax
55. R/S cos 0
56. +
57. X
58. RCL4
59. fCOS
60. V
61. STOf(i)
62. gISG
63. GTO 1
64. 1
65. hLBL2 set initial factor of safety
66. STO 3 and
67. RCL1 initiate iterations
68. STO'fl
69. 0
70. STO 4
71. hLBL3
72. RCtf(i)
73.- giSG v .
74.
75.
RCL3 compute z 1+y/F *
76. i
77. +
78. RCLf(i)
79. T
80. h 1/x
81. STO+4
82. giSG
83. GTO 3
84. RCL4 compute new estimate of factor of safety
85. RCLO F = £ X86. V h2 1+y/F
87. STO 5 22
88. RCL3
89. hPSE
90. -
91. hABS Evaluates whether new factor of safety
92. 3 is within 0.001 of previous value
93. CHS to end iteration procedure
94. glO
95. fx y?
96. STO 4
97. RCL5
98. R/S
99. RCLO v T
100.
101.
RCL2 Computes shear stress, X -  Ax/cos§
102. R/S End of oroaram
103. hLBL4 Program control for
104. RCL5 . iteration routine, if safety facto)
105. GTO 2 not within tolerance
OPERATION
1. Specify number of slices (1-4) press |Tj
2. enter press R/S
3. For each slice, input Ax, hyt > P » 0 and c 1 
following each input in sequence with |~R/S
The program will then iterate to determine the Factor of Safety 
which will then be displayed.
4. Pressing [R/s] will commence calculation of the average 
shear stress on the surface T
AV
5. On display of T AV , the following keystrokes require execution 
to determine tf,!,
1* x ,
  input value of c *
2 . -  •
3. RCL6
4. fTAN •
5. T
The value then displayed, is the average normal stress acting 
on the failure surface. '
